Brigham Young University

BYU ScholarsArchive
Theses and Dissertations
2013-09-05

Self-Assembled DNA Origami Templates for the Fabrication of
Electronic Nanostructures
Elisabeth Pound Gates
Brigham Young University - Provo

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Biochemistry Commons, and the Chemistry Commons

BYU ScholarsArchive Citation
Gates, Elisabeth Pound, "Self-Assembled DNA Origami Templates for the Fabrication of Electronic
Nanostructures" (2013). Theses and Dissertations. 4000.
https://scholarsarchive.byu.edu/etd/4000

This Dissertation is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more
information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.

Self-Assembled DNA Origami Templates for the Fabrication
of Electronic Nanostructures

Elisabeth P. Gates

A dissertation submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

Adam T. Woolley, Chair
Allen R. Buskirk
John N. Harb
Matthew R. Linford
Richard K. Watt

Department of Chemistry and Biochemistry
Brigham Young University
September 2013

Copyright © 2013 Elisabeth P. Gates
All Rights Reserved

ABSTRACT
Self-Assembled DNA Origami Templates for the Fabrication
of Electronic Nanostructures
Elisabeth P. Gates
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
An important goal of nanoscience is the self-assembly of nanoscale building blocks into
complex nanostructures. DNA is an important and versatile building block for nanostructures
because of its small size, predictable base pairing, and numerous sequence possibilities. I use
DNA origami to design and fold DNA into predesigned shapes, to assemble thin, branched DNA
nanostructures as templates for nanoscale metal features. Using a PCR-based scaffold strand
generation procedure, several wire-like nanostructures with varying scaffold lengths were
assembled. In addition, more complex prototype circuit element structures were designed and
assembled, demonstrating the utility of this technique in creating complex templates.
My fabrication method for DNA-templated nanodevices involves a combination of
techniques, including: solution assembly of the DNA templates, surface orientation and
placement, and selective nanoparticle attachment to form nanowires with designed gaps for the
integration of semiconducting elements to incorporate transistor functionality.
To demonstrate selective surface placement of DNA templates, DNA origami structures
have been attached between gold nanospheres assembled into surface arrays. The DNA
structures attached with high selectivity and density on the surfaces. In a similar base-pairing
technique, 5 nm gold nanoparticles were aligned and attached to specific locations along DNA
templates and then plated to form continuous metallic wires. The nanoparticles packed closely,
through the use of a high density of short nucleotide attachment sequences (8 nucleotides),
enabling a median gap size of 4.1 nm between neighboring nanoparticles. Several conditions,
including hybridization time, magnesium ion concentration, ratio of nanoparticles to DNA
origami, and age of the nanoparticle solution were explored to optimize the nanoparticle
attachment process to enable thinner wires. These small, branched nanowires, along with the
future addition of semiconducting elements, such as carbon nanotubes, could enable the
formation of high-density self-assembled nanoscale electronic circuits.
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CHAPTER 1: INTRODUCTION
1.1

STRUCTURAL DNA NANOTECHNOLOGY

1.1.1 The Basic Principles
Over the past several decades, the field of structural DNA nanotechnology, or the study
and use of DNA to build nanostructures, has grown and evolved to meet challenges in
controlling and precisely positioning materials on the nanoscale. Structural DNA
nanotechnology focuses on using DNA as a structural component as well as the glue with which
to assemble nanostructures.
DNA can be utilized as a versatile building block in the assembly of nanostructures
because of its small size, predictable base pairing, and numerous sequence possibilities. Using
DNA to form larger constructs takes advantage of the spontaneous self-assembly of the double
helix. In addition, there are established and easy protocols for handling, digesting, and
replicating DNA. An individual DNA double helix is useful as a linear building block, but more
importantly, DNA can form a range of branched structures by crossing DNA strands from one
helix to another. Ned Seeman recognized the potential for building complex structures from
DNA when he published his influential theoretical paper in 1982 of an immobile, six arm DNA
junction for building three-dimensional arrays.1
Seeman and coworkers subsequently developed the background and basics of making
synthetic immobile DNA crossovers.2-4 A single crossover, called a Holliday junction, is seen in
nature during homologous recombination. By choosing synthetic DNA sequences that have
minimal sequence symmetry within the strand, these junctions can be made immobile and used
as a branch-type building block (Figure 1.1A–B). Multiple crossovers can occur between two
parallel double helices to form a stiffer component and build arrays or other structures (Figure

1

1.1C).2,

4-5

Single-stranded overhangs at the

end of a double helix, called “sticky ends”, are
used to connect the individual branched
building blocks together. By selectively
choosing and synthesizing the required DNA
Figure 1.1. DNA branch junctions. (A) A single

strands, one can obtain predictable and even

crossoverbranch. (B) Four DNA branches linked

complex nanostructures.

together. Arrows indicate the 3’ end of the DNA

1.1.2 The Beginning

strands. Overhangs, or “sticky ends” base pair

The idea of using branched DNA to

together to form the larger constructs. (C) A

build structures was first realized in the form

double crossover molecule. The double crossover

of simple crossovers and wireframe-type

makes the building block more rigid.

three-dimensional structures. In 1991, Chen

and Seeman6 demonstrated that DNA could be used to outline the edges of a cube with branched
junctions on the corners. Soon, a truncated octahedron, along with other knots, rings, and twodimensional arrays added to the collection of DNA structures.7-9 Tetrahedra,10-12 an octahedron,13
and various nanotubes14-16 followed. DNA with a double17 or triple18 crossover motif proved to
be more rigid and allowed for better formation of two-dimensional DNA arrays. These arrays
were made by linking DNA units, or tiles, with parallel strands containing either double or triple
crossovers, together into an array with alternating units.18-19 Some early nanodevices were also
created with lateral movement or rotation made possible through structural transitions within the
devices.2, 5

2

1.1.3 Arrays and More
There are many different types of motifs that can be utilized in forming two-dimensional
DNA arrays. Unit tiles with planar motifs were used to create one and two-dimensional arrays as
well as tubes.16, 20 Branched star or cross-shaped motifs were used to create arrays with diamond,
square, triangular, or hexagonal cavities.16,

21-22

Triangular motifs were used to create two-

dimensional lattices with pseudo-hexagonal holes.23 DNA helix bundles were also used to create
DNA tubes and to assemble two-dimensional lattices.16, 20
One way to form these lattices is to combine all the DNA sequences together and let them
base pair in a simple one step process. Each strand only binds to a specific partner strand or to a
specific location in a tile. Initially, it would appear that larger constructs would need more and
more unique DNA strands; however, this is not necessarily the case. By utilizing symmetry in
the design, and even within the building unit, the number of different DNA sequences can be
minimized while still maintaining the reduced symmetry within each DNA strand needed for
immobile, proper formation.3,

24

“Sequence symmetry” also reduces the number of undesired

distortions, thus allowing larger arrays to form.
Lattices with more complexity, or finite arrays, can be achieved by using a multistep, or
hierarchical, approach to assembling the unit tiles.16 Another way to assemble tiles into complex
patterns is to use a cooperative, algorithmic binding approach. This has been demonstrated, using
DNA rectangular tiles with four sticky ends, to create very complex patterns.16, 20 In all these
cases, DNA strand purity, stoichiometry, and careful design of the DNA sequences are important
considerations.
The primary application for these DNA nanoarrrays is as a scaffold to orient and organize
other molecules on a very precise scale. They could be used to organize and orient proteins to

3

enable easier crystallization for greater structural understanding, to give distance control to gain
new insights into the interactions between proteins, or even to control their reactivity. Using
these two-dimensional arrays, proteins have been positioned using the streptavidin-biotin,
antigen-antibody, aptamer-protein, and DNA-binding protein interactions.16, 20
In addition to organizing proteins, these two-dimensional arrays could be used as a
scaffold to organize other small nanocomponents for nanoelectronics or sensors. Gold
nanoparticles have been organized into one and two-dimensional arrays using one of the
following techiniques: streptavidin coated gold nanoparticles reacting with biotinylated DNA in
the array, thiolated DNA attached to gold nanoparticles base-pairing with DNA in the array, or
direct attachment of the gold nanoparticles to thiolated DNA in the array.16,

20

Quantum dots

have also been organized into arrays using streptavidin-biotin binding.25 These assemblies pave
the way for more complex arrays with exciting and interesting properties in nanoelectronics and
nanophotonics.
1.2

DNA ORIGAMI

1.2.1 The Idea
The first DNA structures were constructed entirely from short, synthetic strands
combined in careful stoichiometries, with more complex structures often assembled through
sequential steps or hierarchical techniques. In one paper, a longer, synthetic strand, made by
ligating several smaller strands together, was used as a scaffold to bring DNA tiles together into
a barcode pattern.26 Another group reported the use of a natural DNA source, a 1.7 kilobase
sequence, used with 5 short synthetic strands to fold into an octahedron.13
In 2006, Paul Rothemund published a general DNA folding technique that has become
known as DNA origami.27 In this technique, a shape is chosen and the DNA is designed to raster

4

fill throughout the two-dimensional structure. This gives the backbone, or “scaffold,” of the
DNA structure. A long single strand of DNA is used as this scaffold and held into place with
smaller, complementary oligonucleotides. These small pieces are designed to bridge from one
part of the scaffold to another, “stapling”
different parts of the scaffold together,
as outlined in Figure 1.2. Once the
structure is designed, it is assembled by

Figure 1.2. DNA origami folding technique. The blue

mixing all the DNA strands together in a

strand is the scaffold strand. The orange and green

buffer solution, heating the solution to

strands are smaller, synthetic DNA (staple strands) that

break any bonding between base pairs,

base pair to the scaffold in multiple locations and hold the

and then slowly cooling the solution

structure into the desired shape.

over about an hour to allow the maximum number of bases to self-assemble. Rothemund showed
the generalization of this technique by using the same scaffold strand to fold a variety of
different two-dimensional shapes, including rectangles, triangles, and smiley faces.27
DNA origami provides several advantages over tile-based assembly, such as an easy,
one-pot process for assembling large (~100 nm x 100 nm) structures, high yields, and
elimination of the need to carefully design and minimize symmetry in the small DNA sequences.
In this scaffolded assembly, the staple strands are added in excess, so precise stoichiometry is not
critical to the assembly and the staple strands do not need to be purified. In addition, Rothemund
demonstrated that with DNA hairpins built into the staple strands, each staple strand location
could be used as a distinct location for attachment, with about 6 nm spacing.27 This level of
addressability, which is difficult to obtain in tile-based DNA assembly, is possible because each

5

staple strand is a unique DNA sequence. These advantages make DNA origami an appealing and
exciting tool in designing DNA nanostructures.
The technique of DNA origami does, however, have some limitations. The scaffold
strand is generally too long to be synthesized and originates from viral or plasmid genomes with
known sequences, limiting its sequence and length to naturally occurring sources. Techniques
have been demonstrated to allow for the formation of single-stranded scaffolds of predetermined
lengths through PCR amplification28 or ligation of synthetic strands,26 as well as folding of DNA
origami with double-stranded DNA scaffolds29-30 as steps toward widening the pool of potential
scaffolds and controlling the sequence. The cost of synthesizing staple strands is also a concern,
because each staple strand has a unique sequence.
1.2.2 Two-dimensional DNA Origami Structures
Many two-dimensional DNA structures have been designed using the folding technique
of DNA origami. Some of these include a dolphin,31 a map of China,32 and a variety of thin,
branched DNA structures (as further described in Chapter 2).28 Rothemund and others have
demonstrated the ability to assemble even larger constructs by linking multiple DNA origami
structures together using the staple strands. DNA origami triangles were linked together to form
hexagons, trapezoids, or arrays27 and the dolphins could be linked into dimers.31 DNA origami
structures can also be linked into long chains or large two-dimensional arrays.33-34
It is important to note the necessity of good computer programs to help in the design of
these DNA origami structures. A few DNA design programs were available,35-37 but the first
openly available design tool for DNA origami was the program SARSE-DNA origami.31 A nice
feature of the SARSE-DNA origami design program is the ability to import a bitmap image of
the desired shape and have the program automatically fill in the scaffold folding path.

6

1.2.3 Three-dimensional DNA Origami Structures
While some three-dimensional structures like the cube,6 truncated octahedron,7
tetrahedra,10-12 and various nanotubes14-16 were made from DNA without using the DNA origami
approach, many more three-dimensional structures have been designed and assembled using the
technique of DNA origami. The first of these included six-helix bundles,38 wire-frame structures
built from DNA origami six-helix bundles,39 or closed structures built by using two-dimensional
DNA origami to form the sides of the shape.40 Examples of closed structures include boxes,41-42
prisms,43 and a tetrahedron.44
Soon, a computer design tool, caDNAno, was developed to help expand the technique of
DNA origami into three dimensions with multiple DNA layers stacked on top of each other.45
The design tool allows for a honeycomb or square base for the three-dimensional DNA layering
(Figure 1.3). With the honeycomb base structure, shapes such as monoliths, square nuts, railed
bridges, slotted and stacked crosses, and genie bottles were assembled.39
These structures took longer
to assemble (up to a week) in the
solution

hybridization

step

and

required careful attention to the
Figure 1.3. Lattice structures for the A) honeycomb and B)

concentration of mono and divalent

square lattice three-dimensional DNA origami assembly.

cations in the buffer solution. The

The rods represent DNA double helices. The scaffold

square lattice base allowed for more

strand raster fills back and forth along these lattices with

dense

the desired lengths.

origami structures (as well as a nice

three-dimensional

DNA

design tool for flat, two-dimensional structures).46 Structures with twists and bends can also be
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constructed using CaDNAno, by choosing to remove or add bases along the scaffold in-between
DNA crossover positions. These adjustments add or remove strain within the DNA strands and
result in a global twist or bend in the structure.47-48 Three-dimensional structures with hexagonal
close-packing and hybrids of the honeycomb, square, and hexagonal close-packing have also
been demonstrated, although the design steps still require manual placement until caDNAno is
updated to allow for these new packing lattices.49 These and other future developments have
continued to increase the ability to design many different kinds of three-dimensional DNA
nanostructures.
1.2.4 Advances and Applications of DNA Origami
DNA origami has been utilized for a variety of different things, but most of them fall into
three categories. The first is using DNA as a building material and learning more about how to
precisely control its structure in two and three dimensions. The second category is using DNA
origami as a pegboard with which to organize or precisely position nanomaterials. The last
category is as a mechanical device with moving parts. Each of these areas will be individually
explored further below.
Structural Advances. Many more techniques have been published for folding DNA that
continue to expand the design space available to researchers in DNA nanotechnology, and others
have searched to understand the DNA folding process more thoroughly. In building twodimensional structures, DNA origami has been used as a seed layer to begin algorithmic
assembly of tiles to create aperiodic assemblies.50-51 Larger two-dimensional constructs have also
been designed by linking DNA origami together like puzzle pieces,52-53 by using DNA tiles in
place of the regular staple strands,54 or by using a preformed scaffold strand to organize
individual shapes in a DNA origami of DNA origami fashion.55
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In the three-dimensional realm, Liedl et al.56 showed that individual, three-dimensional
domains could be held together at various angles by single-stranded DNA connecting the
domains. The tension in the single-stranded DNA holds these tensegrity structures together.
Three-dimensional structures with curves, such as a sphere, ellipsoid, and nanoflask,57 have been
folded, demonstrating that nanostructures are not limited to rigid edges or patterned lattice
structures. This technique has also been used to create reconfigurable rings.58 Recently, a
technique of building two-dimensional and three-dimensional wire-frame structures has also
been developed.59 In this technique, the DNA scaffold folds back and forth horizontally as well
as vertically, with small staples helping to hold the scaffold into the four-branched crossings.
Another recent development for assembling a variety of different three-dimensional structures
works by choosing to include or not include small DNA strands within a predesigned canvas,
demonstrating a method to automate the process of arbitrary three-dimensional DNA structure
assembly. This technique moves away from scaffolded DNA origami and only utilizes short
DNA strands, but offers a way to design many different structures using the same set of DNA
strand sequences.60
Some techniques and experiments have been performed in an effort to improve and
understand the DNA folding process. The program CanDo allows users to submit their DNA
origami designs from caDNAno and gives three-dimensional structure and flexibility
information.61 This is a useful tool to check DNA designs for global twisting or weak points.
Studies of the DNA origami folding process have enabled the folding of DNA structures from
double-stranded DNA scaffolds,29-30 other DNA scaffolds besides the typical M13mp18 viral
strand,28-30, 39 folding at room temperature in formamide,62 as well as a recent demonstration of
isothermal folding of DNA structures that drastically reduces the amount of time required to fold
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three-dimensional structures.63 Another study looked at the effect of DNA hairpins on the overall
twist of DNA origami structures.64 Ke et al.65 looked at the effect of designing underwound
three-dimensional DNA origami structures combined with intercalating molecules, such as
ethidium bromide, as well as staple strand break positions to increase the yield of threedimensional structures.
Material Organization. DNA origami structures, like DNA tile structures, have been
used to organize and precisely position a variety of different nanocomponents, including:
proteins, nanoparticles, quantum dots, and carbon nanotubes. With the simple technique of using
single-stranded sticky ends on selected staples, hybridization studies have been performed,
which utilize DNA origami as a template for DNA and RNA detection.66-68 DNA nanostructures
can be decorated with proteins using many different methods.69 These include non-covalent
interactions such as streptavidin-biotin70-72 and aptamer-protein,73-74 as well as a variety of
different covalent interactions.69 These proteins can be positioned in lines or various other
geometries because of the staple strand addressability of DNA origami. In addition, multiple
different proteins can be placed onto the same template.75
There are as many different applications for organizing proteins with DNA as there are
potential ways to link them together. Assembling proteins in arrays on DNA origami can
facilitate single-molecule protein detection and facilitate studies to better understand protein
structure38,

76

or multivalent protein binding.74 Linear attachment of enzymes could allow for

cascade reactions that are not limited by diffusion and have reduced undesirable side reactions.69
Fluorescent proteins could be used to make light-addressable photonic devices.69
The ability to precisely position with high accuracy opens up the possibility of using
DNA origami templates for single-molecule chemical reactions or fluorescence studies.
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Chemical modifications on DNA staple strands allow for control of the location of the chemical
reaction. Using DNA origami, reactions involving bond formation, bond cleavage,
photochemical, and click reactions have been demonstrated.77 Atomic force microscopy (AFM)
is used in these examples to visualize the reactions. In studies where a conformational change or
height change on a DNA origami template is not possible or feasible, fluorophores can be used to
visualize the reaction, such as in energy transfer studies or in kinetic experiments where highspeed AFM is not fast enough.77
DNA origami, in addition to patterning biological and organic molecules, has been used
to organize inorganic nanoparticles and carbon nanotubes. Examples of positioning nanoparticles
include gold78-81 and silver nanoparticles,82 as well as quantum dots.83 The gold nanoparticles
were connected to the DNA origami structures through DNA modified with one or more thiol
groups on the end. To position the nanoparticles, either the staple strands contain a modification
or the staple sequence is extended to contain extra complementary bases that pair with the
modified DNA strands. The silver nanoparticles were attached in a similar manner, except the
modified strands contained phosphorothioated DNA, which has sulfur atoms replacing oxygen
along the backbone of the DNA strand, instead of as an end modification. Quantum dots were
attached to the DNA origami structures by streptavidin modification of the quantum dots and
biotin modification on the end of the desired staple strands. An alternative method of patterning
is to grow gold nanoparticles onto DNA origami templates using an inorganic-binding peptide to
direct the nucleation and growth of the nanoparticles.84 DNA origami, in combination with
surface patterning, also allows for larger nanoparticles arrays.85 Or, if the surface is patterned
with gold nanospots, DNA origami can be organized on surfaces.86-87 The nanoparticles can also
be used to roll the DNA nanostructures up into tubes.80, 88 In addition to nanoparticles, carbon
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nanotubes have also been oriented on DNA origami, either by wrapping DNA around the carbon
nanotubes or through streptavidin modification of the carbon nanotubes.89-90
Most of the examples mentioned so far use two-dimensional DNA origami as a sort of
pegboard to place nanocomponents. Three-dimensional DNA origami structures can also be used
to organize matter,38, 81 but most of the research published to date uses three-dimensional DNA
origami to capture, hold, and deliver nanoscale cargo. One example is the use of threedimensional DNA origami structures to capture gold nanoparticles.91 Other examples of capture
and delivery are found in the next paragraph. Several excellent reviews also highlight many of
these nanoscale placement and organization applications.4, 40, 92-95
Dynamic Devices. Another very interesting application for DNA origami overlaps with
the area of dynamic DNA nanotechnology. In this area, researchers seek to use DNA to generate
dynamic nanostructures with controlled movement. Nanoscale motors and molecular transporters
are being explored. Several groups have developed different rotors or walkers96-98 that move
along DNA origami templates99-100 or that transport nanoparticles as cargo.101 The DNA walkers
are based on DNA toe-hold branch migration, where a target location for movement has a small
single-stranded sticky end. The sticky end allows a complementary strand to make a few base
pairs and then, if completely complementary to the rest of the sequence, it can nudge its way in
until it has completely replaced the original complementary strand. Another example of a
nanotransporter is the three-dimensional nanorobot reported by Douglas et al.102 that traps and
carries gold nanoparticles or antibody fragments.
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1.3

METALLIZATION OF DNA

1.3.1 Metallization on DNA strands

Figure 1.4. DNA metallization process. A) Metal ions are attracted to the backbone of DNA
electrostatically. B) A reducing agent is used to reduce the metal ions to metal “seed” particles. C)
Additional metal and reducing agent are added to grow the seeds through electroless plating.

A wide variety of metals, including silver,103-107 gold,108-115 copper,116-117 cobalt,118
nickel,119-120 palladium,121-126 and platinum127-130 can be selectively deposited along DNA to form
conductive nanowires. The negatively charged phosphate groups in the backbone of DNA attract
metal ions and the nucleotide bases can bind with positively charged metal complexes.131-133 A
general process for metallization of DNA includes three basic steps, activation, seed formation,
and plating, which are outlined in Figure 1.4.131-132 First, metal ions or complexes are reacted
with and effectively deposited along the double helix in the activation step. Next, a reducing
agent, such as hydroquinone, sodium hydroboride, or dimethylamine borane, is used to reduce
the metal ions to metallic nanoparticles.132 These nanoparticles provide “seeds” for more metal
13

ions to be deposited and reduced along the DNA. In the third step, more metal ions and reducing
agent are added to grow the nanoparticles. The reduced metal seeds serve as catalysts for the
reduction of more metal. This process is often referred to as electroless plating. Different metals
can be used in the activation and seed growth steps, enabling a wider variety of nanowires.
Selecting template-specific seeding techniques (the activation and seed formation steps)
is an important part of DNA metallization because seeds formed non-specifically will also plate
metal, creating undesired background metallization. Several techniques have been reported to
increase the specificity of seeding through the use of reducing agents bound to the DNA
template, such as aldehyde,108 or by using ionic surface masks.116 The entire DNA structure will
become metallized when using metal ions or complexes for seeding, but it is also possible to
protect certain sections from metallization with the use of aldehyde derivatized DNA and RecA
protein.108 These and other advances show the potential of DNA as a template for metallized
nanowires.
1.3.2 Metallization of DNA origami
Metallized DNA origami structures have recently been demonstrated, using the basic
process described previously, with silver, gold, or palladium seeds with silver, gold, or copper
plating.134-137 Several challenges occur with metallization of DNA origami templates that do not
occur when metallizing linear DNA. One large difference in metallizing DNA origami structures
comes from the staple strands, which are used in excess, to fold DNA origami structures. These
excess small staple strands need to be removed before the activation and seeding steps, or they
will contribute to non-templated metal growth. Removal of the excess staple strands also affects
the stability of the DNA origami structures, making it more difficult to ensure the structures stay
folded throughout the metallization process. In addition to the staple strands, the small
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dimensions of the DNA origami structures, relative to long linear DNA strands, introduce the
need for higher selectivity of metallization and methods to ensure the DNA structures do not lift
off the substrate surface. These challenges were addressed by Liu et al.135 through filtering and
crosslinking thin, branched DNA origami structures, as well as controlling the magnesium ion
concentration.
In other examples of metallization of DNA origami, Schreiber et al. used 1.4 nm gold
nanoparticles coated with positively charged amines as seeds for gold metallization of DNA
origami structures, including: helix bundles, rings, cuboids, and polymerized DNA origami
structures.136 Geng et al. demonstrated that gold metallization on DNA origami structures could
be obtained with a fast and easy palladium seeding process.134 In a recent paper, conductivity of
gold and copper plated, palladium seeded DNA origami structures was demonstrated.137 The
gold metallized structures had an average resistivity of 7.0 x 10-5 Ωm calculated from the wire
dimensions. The copper structures had higher variability in resistance, in large part because of
oxidation in air, but had a resistivity as low as 3.6 x 10-4 Ωm.
Selective metallization of desired portions of a DNA origami template is also possible,
instead of metallizing the entire structure. One way to do this is with directed placement of gold
or silver nanoparticles through thiolated DNA, as described in Section 1.2.4. The thiol groups
attach to the gold or silver nanoparticles and, when linked to DNA or into a DNA structure,
provide the seeds for further plating. This technique has been used to selectively seed and then
deposit silver to form rings, bars, and H shapes on rectangular DNA origami structures.138 Gold
metallization on nanoparticle seeded thin, branched DNA origami structures was also
demonstrated and conductivity measurements obtained for linear gold nanowires.139 The
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nanowires showed linear ohmic behavior with an average resistance of 2.4 kΩ per nanowire, and
a resistivity of 6.2 x 10-6 Ωm calculated from the wire dimensions.
1.4

DNA NANOSTRUCTURES FOR ELECTRONICS APPLICATIONS

1.4.1 Trends in Computer Chips
In 1965, Intel co-founder Gordon Moore made an observation that the number of
components on an integrated circuit had approximately doubled every year since the first
integrated circuit.140 Ten years later he modified his prediction, which became known as Moore’s
Law, to be a doubling of components on integrated circuits every two years.141 This trend has
proven to be an accurate prediction for the last fifty years, in large part because the
semiconductor industry has used it as a goal in pushing forward in the development of integrated
circuits. In a way, the industry has striven to live by Moore’s law.
Moore’s law was initially accomplished simply by decreasing or scaling components to
smaller and smaller sizes. The scaling, along with increased density of transistors per chip, came
with some very desirable advantages, such as: faster speeds, decreased power usage, more
compact devices, higher functionality, and decreased costs.142 Photolithography, the main
fabrication technique used to create this complex circuitry, has become more complex and
expensive to use as the scale of circuits has decreased below microprocessor half pitches of ~30
nm.143 This is because of inherent limitations in the technique (wavelength limitations and resist
resolution) requiring more complex techniques and instrumentation to meet the demand of scale
and precision.144
While geometric scaling, like Moore’s Law, still continues in many aspects of integrated
chip manufacturing, “equivalent scaling” now also plays a large role. Equivalent scaling includes
improvements such as innovative design, better software, and new materials or structures that
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ultimately increase the performance of integrated circuits without necessarily decreasing the
component sizes.142 Another growing concept is functional diversification, or the idea of creating
devices with a wide variety of functions that meet the needs of the end user instead of just
focusing on the integrated circuit.142 This idea is promoting the incorporation of circuit board
components onto the integrated chip in a system-in-a-package or system-on-a-chip fashion. This
will enable the incorporation of non-digital functionalities such as RF communication, power
control, or sensors into the same device, instead of being separate parts connected together.142
1.4.2 Top-down Processes
Integrated circuits are made through a patterning technique called photolithography.
Photolithography uses light and a pattern, or mask, to transfer a design to a surface (Figure 1.5).
The light that passes through the mask reacts with a photoresist layer on the surface, making it
chemically modified. Depending on the resist and technique used, either the exposed or
unexposed resist can be removed, leaving the pattern. This pattern is etched into the surface and
the remaining resist removed. Integrated circuits are made by layering and patterning repeatedly
on a silicon wafer substrate, where the substrate itself is used for the initial device structures.
This technique of patterning and etching is often referred to as a top down process. Other topdown processes include micromachining, electrochemical and electrothermal machining, and
milling.144
Top-down processes are still the primary technique used today to fabricate circuits. These
techniques have the advantages of being well understood, with equipment and processes already
developed, and the ability to produce a large number of devices in a short amount of time. On the
downside, the equipment is very expensive, it is difficult to create features on the nanoscale, and
low defect ratios are critical.
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Figure 1.5. Photolithography process. UV light is passed through the mask and chemically modifies the
exposed region(s) on the surface. Depending on the resist, either the unreacted or the reacted photoresist
is removed in the developing step. Next, the surface is etched. The photoresist protects the surface from
being etched, transferring the pattern to the surface. Finally, the extra resist is removed.

1.4.3 Bottom-up Processes
Another possible way to fabricate circuits is through a bottom-up approach, in which
components are built up from molecules or nanostructures. This could be done through directed
but spontaneous self-assembly of components into ordered structures. Examples of bottom-up
assembly include DNA nanostructures,145 DNA templated nanoparticle ordering and
metallization,131 nanowires,146 and block copolymer self-assembly.147
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Nature uses a bottom-up approach to provide the complexity of living systems. DNA,
proteins, and cells are all built up from smaller components and interact in a spontaneous, yet
directed manner. Bottom-up approaches have the potential to allow for a wide variety of
processes, techniques, and ultimately a larger variety of devices than current top-down processes.
Another advantage to bottom-up assembly is the small cost involved, compared to the complex
equipment and materials needed for top-down processes.
There are also disadvantages to bottom-up assembly. Much work is still needed to obtain
nanomaterials as complex as are currently possible with lithographic techniques. Often selfassembly processes are not perfect, with defects and other errors occurring in the assembly.
These challenges are and will continue to be addressed as the field progresses. Although current
bottom-up processes are nowhere as complex as things observed in nature, the potential to
harness the knowledge gained from these systems, or building blocks from these living systems,
is an exciting area of research.
1.4.4 Top-down Meets Bottom-up
As lithographic techniques for the fabrication of integrated circuits reach their limits,
novel bottom-up approaches can enable the continued increase in performance with decrease in
cost demonstrated in the past by the semiconductor industry. The best near-future solution,
however, will most likely involve a mixture of top-down and bottom-up processes. Completely
bottom-up approaches still do not have the complexity required for electronic circuitry. In
addition, they still need to be connected to the macro-world in order to obtain useful data and
interact with the nanodevices. Top-down process can provide the needed connection to larger
scale parts, while benefiting from the self-assembly and small size of nanostructures.
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1.4.5 DNA Nanoelectronics
DNA by itself would not be a viable way to make small wires because it has only a poor
conductance for uniform sequences and is insulating on long scales (>100 nm) with random
sequences.132 However, its ability to base pair predictably, undergo different types of
modifications, and be assembled into a variety of nanostructures, makes it a very promising
template for the bottom-up assembly of nanoscale circuitry. Indeed, Section 1.2 discusses the
variety of nanostructures that can and have been fabricated and Section 1.3 discusses the ability
to metallize or coat DNA with a variety of metals in a selective manner.
In addition, a DNA templated transistor has already been demonstrated by Keren et al.,148
through assembly on a linear strand of DNA. The aldehyde derivatized DNA was first allowed to
undergo homologous recombination with a single-stranded sequence of DNA polymerized with
RecA protein. Then semiconducting carbon nanotubes functionalized with streptavidin were
directed to the portion of the DNA containing the RecA through biotin and antibodies on the
RecA. Next, the DNA was seeded with silver and plated with gold. The RecA protected the
DNA strand from metallization in the location of the carbon nanotube. This combination of
programmability and metallization shows great promise for the construction of nanoscale
electronics.
1.5

OVERVIEW OF THE DISSERTATION
Chapter 2 describes the design and assembly of thin, branched DNA origami structures

with varying scaffold lengths. The scaffold is produced through polymerase chain reaction
(PCR) amplification of naturally occurring DNA of known sequence, followed by a strand
separation procedure utilizing streptavidin coated magnetic beads. This technique was used to
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produce five different bent, linear, or branched DNA origami structures. These DNA origami
structures are wire-like instead of mostly filled in space, as in earlier publications.
Chapter 3 discusses the design and assembly of more complex DNA origami structures,
including circuit templates, corners, and a longer bar. Studies on linking DNA origami
structures, different types of corners, and flexibility of two and three-dimensional structures are
explored.
Chapter 4 details the process of selective attachment of thin DNA origami structures to
gold nanoparticles patterned on a surface using block copolymer chemistry. In addition, selective
attachment of gold nanoparticles to DNA origami templates as seeds for metallization is
discussed.
Chapter 5 details further studies into the nanoparticle seeding process and looks at
factors that affect the yield of nanoparticle attachment to these thin DNA origami structures.
Factors such as time allowed for the seeding to occur, concentration ratio of gold nanoparticles to
DNA origami, and the effect of varying amounts of magnesium ion in solution are explored.
Chapter 6 summarizes my research, drawing conclusions and discussing promising
future work, in developing fabrication techniques for the design, assembly, and application of
DNA-templated nanodevices.
1.6
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CHAPTER 2: POLYMERASE CHAIN REACTION BASED SCAFFOLD
PREPARATION FOR THE PRODUCTION OF THIN, BRANCHED DNA
ORIGAMI NANOSTRUCTURES OF ARBITRARY SIZES
2.1

*

INTRODUCTION
DNA has become a promising template for making a large variety of nanostructures.1-3

DNA origami, in particular, provides a robust and simple method for designing patterned shapes.
The DNA origami technique can be used to produce nearly any conceivable two-dimensional,1
and more recently three-dimensional,4-6 structure. However, the size of these designs is governed
by the length of the single-stranded scaffold used. Scaffolds for origami normally must be singlestranded, although origami production using double-stranded scaffolds has recently been
reported.7 Using double-stranded scaffolds is disadvantageous, since it requires more specialized
folding conditions and the use of staples to fold both strands. In most cases, these scaffolds
originate from viral or plasmid genomes, with the exception of a single experiment using a PCR
amplicon.7 The use of entire genomes constrains origami designs to discrete available lengths,
which are typically several thousand or more base pairs (bp) long.
Current two-dimensional origami structures, at least partly because of the constraints on
the scaffold, are roughly 100 x 100 nm2 and mostly filled. However, DNA origamis that have
more open spaces and relatively thin (2–4 side-by-side helices, or ~10 nm) features with
branching points have not yet been made. Such shapes would be well-suited templates for
nanowires and circuitry; in combination with metallization,8-11 these origami designs could serve
as patterns for DNA-templated nanocircuits.

*

Reprinted with permission from Pound, E.; Ashton, J. R.; Becerril, H. A.; Woolley, A. T., Nano Lett 2009, 9 (12),
4302-4305. Copyright 2009 The American Chemical Society.
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Here I demonstrate a method of scaffold strand production which allows for origami
designs of arbitrary size. Using the polymerase chain reaction (PCR), portions of a genome from
less than 100 bp up to 10,000 bp, and in some cases up to 35,000 bp,12 can be replicated with
high specificity and yield. By using a biotinylated 3’ primer, one of the complementary strands
produced by PCR can be separated from the desired scaffold strand, by binding the biotinylated
strand to a streptavidin-coated magnetic bead and denaturing the DNA.13 The purified singlestranded scaffold can then be mixed with staple strands to produce DNA origami. I have applied
this technique to produce origami of variable sizes and shapes from two common DNA sources,
M13mp18 and lambda.
2.2

EXPERIMENTAL

2.2.1 Materials
M13mp18, lambda DNA, and streptavidin-coated magnetic beads were purchased from
New England Biolabs. Staple strands for DNA origami folding were purchased from SigmaAldrich or Operon and diluted to ~100 µM in TE buffer. PCR primers were purchased from
Sigma-Aldrich or Operon. PCR purification kits were obtained from Qiagen. DNA polymerase
and PCR buffers were acquired from Invitrogen. Ultrapure, 18 MΩ water was produced by an
EasyPure water purification system.
2.2.2 Methods
Generation of PCR-based Scaffolds. PCR was performed (Techne TC-3000 thermal
cycler) with 1 µg of each primer and between 20-80 ng of template DNA (either M13mp18 or
lambda DNA). Platinum Pfx polymerase (2.5 units) was added to the solution containing
primers, template, 1x Pfx amplification buffer, 2 mM MgSO4, and a mixture of dNTPs (500 nM
each) in a 100 µL volume. The following program was used: 95 ºC for 2.5 min, 30 cycles of 95
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ºC for 45 sec, 58-60 ºC for 45 sec, 68 ºC for 1–5 min, and a final extension at 68 ºC for 4–6 min.
The annealing temperature was chosen to be 1–2 ºC below the melting point of the primers. The
PCR product was purified with a QIAquick PCR purification kit (Qiagen). The product was also
run on a 0.7% agarose gel, and if multiple bands were present, the desired band was separated
from the rest through gel purification.
Primers and Sections of DNA Amplified. Table 2.1 gives information about which
section of either M13mp18 or lambda phage DNA was amplified with PCR, along with the
primers used for each DNA origami structure. All sequences are given 5’ to 3’.
Table 2.1. Scaffold information and primer sequences for DNA origami designs.
DNA origami
Lambda
rectangle
M13mp18
rectangle
M13mp18
T Design
Lambda
U Design
Lambda
B Design

Bases used

Length

bases 2868–3623

756 bp

bases 5870–6625

756 bp

bases 5734–1442

2958 bp

bases 37501–41340

3840 bp

bases 37501–42308

4808 bp

Sequences of the PCR primers
GGTGCT GACACGGAAG AAAC
[BioTEG]ATCATCAGCAGATTGTTCTTTATTC
CCACCATCAAACAGGATTTTCGCC
[BioTEG]TTCTCCGTGGGAACAAACGGC
CTGATAGACGGTTTTTCGCCC
[BioTEG]CATAACCGATATATTCGGTCGC
TCAACCTCAAGCCAGAATGC
[BioTEG]CGCGTCTGAATATCCTTTGG
TCAACCTCAAGCCAGAATGC
[BioTEG]CGACGCTTTCTTGTTCG

Single-stranded Scaffold Separation and Purification. Streptavidin-coated magnetic
beads (800 ng) were rinsed 3 times (by mixing with solution, pelleting the beads with a magnet,
and removing the supernatant) with 200 µL bead buffer (20 mM Tris-HCl, 1 mM EDTA, 0.2 M
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NaCl), and then combined with 200 µL bead buffer and 20–50 µL purified PCR product. The
samples were gently mixed 15–30 min (depending on the length of the scaffold) to bind the DNA
to the beads. The beads were pelleted, the supernatant (which contained all unbound DNA) was
removed, and the beads were rinsed 2–3 times with 200 µL bead buffer. NaOH (0.2 M, 150 µL)
was added to the pelleted beads, and the sample was gently mixed 6 min to denature the DNA.
The supernatant (containing the desired ssDNA) was collected and combined with 100 µL of 5
M ammonium acetate (pH 7.6) to neutralize the pH. The product was purified either with a spin
column (QIAquick PCR purification kit) or by ethanol precipitation. DNA concentration was
measured with a Nanodrop ND-1000 spectrophotometer using extinction coefficients of 50 ngcm/ml for dsDNA and 33 ng-cm/ml for ssDNA.
DNA Origami Folding. Purified single-stranded scaffold was mixed with staple strands
in a 1:100 molar ratio in 1x TAE-Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA,
12.5 mM magnesium acetate). Each design was folded by denaturing (95 ºC for 3 min) and
slowly annealing from 75 ºC to 4 ºC in 70 min for the rectangular origami and 95 ºC to 4 ºC in 90
min for the branched shapes. See Appendix B for staple strand sequences.
AFM Imaging. DNA origami samples were deposited onto freshly-cleaved mica, rinsed
with water, and dried using compressed air or nitrogen. The samples were imaged in air using
tapping mode on a Digital Instruments Nanoscope IIIa MultiMode AFM (Veeco) with silicon
force modulation AFM tips (Vistaprobes, 3 N/m, 60 kHz).
Design Program. The DNA origami folding program developed at BYU is available
from the author.

42

2.3

RESULTS AND DISCUSSION

2.3.1 Overview
My scaffold was obtained through PCR amplification, followed by purification to obtain
only the desired single-stranded DNA, as outlined in Figure 2.1. PCR was performed for each
structure

(Figure

2.1A)

using

a

biotinylated 3’ primer (see Table 2.1).
Next, the biotinylated PCR product was
bound to streptavidin-coated magnetic
beads (Figure 2.1B). After rinsing to
remove any unbound DNA, the beadbound PCR product was denatured in
dilute aqueous NaOH (Figure 2.1C). The
supernatant, containing the now-freed
Figure 2.1. Single-stranded scaffold preparation. (A)
PCR with a biotinylated 3’ primer. (B) PCR product is

scaffold

strand,

was

collected

and

purified. For a 2,958 bp PCR product, an

bound to streptavidin-coated magnetic beads. (C) DNA

average of 4,300 ± 700 ng of dsDNA

strands denature in dilute NaOH solution, and the non-

combined with 800 ng streptavidin-coated

biotinylated strand is collected to use as the scaffold for

magnetic beads yielded an average of

DNA origami.

1,100 ± 300 ng of ssDNA. This final

single-stranded PCR product was combined with staple strands (at 100-fold molar excess) and
annealed by slowly cooling to form DNA origami.
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2.3.2 DNA Origami Structures
I have designed and produced four different DNA origamis (from 756 to 4,808 bp) using
this scaffold preparation method. The smallest design (756 bp) is a rectangular shape,
approximately 64 nm
long and 11 nm wide,
consisting

of

four

helices stacked side-byside (Figure 2.2A). This
structure was designed

Figure 2.2. (A) Scaffold outline of origami rectangle. Tapping mode AFM

using an Excel-based

images in air of DNA origami rectangles made with PCR-amplified (B)

Visual Basic program

lambda DNA scaffold, and (C) M13mp18 scaffold. Scale bars are 500 nm,

developed

at

BYU,

and height scale is 3 nm.

which allows users to design raster-filled shapes from a variety of DNA scaffolds, and then
chooses the staple strands and crossover points accordingly. Identical structures of this size and
shape were produced using scaffolds prepared from both lambda DNA (Figure 2.2B) and
M13mp18 DNA (Figure 2.2C). Both structures appear to form equally well.
I made three additional DNA structures that were larger than the rectangle motif and
demonstrated the ability to make branching designs of variable size using the described scaffold
preparation. Each of these structures contains unique, asymmetric square junctions. These differ
from junctions used in the past for DNA nanostructures, which are typically axisymmetric.14-18
The square junction is made possible by connecting the stem of the branching region to only one
of the base helices of the intersecting feature, (Figure 2.3A,D,G) such that the other helices
remain straight and constrain the connecting helix approximately to a right angle.
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Figure 2.3. DNA origami nano letters. (A–C) Scaffold trace/outline and tapping mode AFM images of
the branched ‘T’ shape. (D–F) Scaffold trace and AFM images of ‘U’ shape. (G–I) Scaffold trace and
AFM images of ‘B’ shape. All AFM images were taken in air. Scale bars are 200 nm and height scale is 4
nm. (J) Nano-alphabet ‘BYU’ as a composite from three images. The ‘U’ is enlarged by 60% and the ‘Y’
is expanded by 16% relative to the ‘B’.
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I formed one branched structure in the shape of a ‘T’ (Figure 2.3A–C). The top section
of the shape is ~240 nm long and three DNA helices wide (~8 nm). The stem of the shape is ~75
nm long and four DNA helices wide (~11 nm). This branched structure is produced using a 2,958
bp segment of DNA amplified from M13mp18. The structure was designed using the SARSE
program,19 which automatically fills a desired shape with a DNA scaffold, then assigns staple
strands with 3-helix crossovers. The top and stem of this structure were designed separately. The
two portions of the scaffold sequence were then spliced together to form a three-point square
junction upon folding. Figure 2.3B–C shows large area and zoom view AFM images of this
shape. The top arm, which is longer and contains fewer helices than the base, shows greater
flexibility. The junction is also
somewhat flexible, with the arms
often deviating from perfect right
angles. About 27% of well-formed
origamis have a junction that forms a
right angle (90° ± 10°). Figure 2.4

Figure 2.4. AFM images of the ‘T’ design, showing some

and Figure 2.5 demonstrate the

flexibility in the top arms. In (A), one ‘T’ is bent

flexibility in the top of the ‘T’ shape,

considerably, while the other is straight. In (B), two

compared to the shorter base, as well

different ‘T’s show flexibility in the top arm. Scale bars are

as the flexibility in the junction.

200 nm.

Using these square junctions, a much wider variety of shapes can be produced than using
axisymmetric junctions alone, and such shapes should prove useful in making nanocircuit
designs.
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I also produced a square ‘U’
structure (Figure 2.3D–F). The two
arms of the ‘U’ are both ~120 nm
long, and the base is ~100 nm long.
The entire design is 3,904 bp long,
with the scaffold amplified from
Figure 2.5. AFM images of the ‘T’ design, showing
flexibility in the square junction; (A) shows several
structures with nearly axisymmetric junctions (circled),
while (B) shows a ‘T’ with straight arms, but having the
base connecting at an obtuse angle. Scale bars are 200 nm.

lambda DNA. This structure was made
using the BYU design program. The
two arms were designed separately
from the base, and the scaffold strands
of the three regions were spliced

together to form a single scaffold. Each of the arms forms a square junction with the base,
similar to the junction described for the ‘T’. The base of the ‘U’ extends ~10 nm beyond the
junction with the arms to ensure the formation of right angles. These extensions are only
moderately visible in the finished product. Despite the very short overhang beyond the junctions,
the right angle intersections in the ‘U’ nanostructures formed better than those in the ‘T’ shape.
About 45% of the ‘U’ junctions have right angles (90° ± 10°) when deposited on a mica surface.
The larger percentage of right angle junctions for the ‘U’ compared to the ‘T’ is likely due to a 4helix base for the ‘U’ vs. a 3-helix base for the ‘T’ junctions. The rigidity of these structures
could be improved further by either adding additional helices in the same plane, thereby limiting
the flexibility in the arms, or by stacking helices on top of the shape to add strength in the third
dimension.
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The final shape I produced is an uppercase ‘B’ (Figure 2.3G–I). The backbone of the ‘B’
is ~250 nm long and 11 nm wide (four helices). The curved portions consist of two helices. The
entire design is 4,808 bp long and uses a section of lambda DNA for the scaffold. This shape
demonstrates the ability to incorporate several different features into a single design. The
backbone of the structure was designed using the SARSE program and the curved portions were
designed in three parts using the BYU program. These four portions were then spliced together
manually. The three connections between the curved portions and the backbone are all square
junctions, as described above. Like the intersections in the ‘U’, these junctions are formed by
including a short backbone overhang beyond the junctions to ensure stable right angles. The
center junction (between the curved portions) is an axisymmetric junction. The curved sections
demonstrate the ability to incorporate well-formed, round structures into designs and to fabricate
very thin portions of a structure which consist of only two helices connected to one another.
Although the principal focus of my work is making structures for nanoelectronics, I also note
that these DNA origamis form several letters of a nano-alphabet: B, I, T/Y and U/C; moreover, it
should be possible to design and construct additional characters using my approach. As a step
toward Feynman’s vision of information storage in “Plenty of Room at the Bottom”, I have
assembled several AFM images to form a nanoscale representation of our institution’s acronym:
BYU (Figure 2.3J).
2.4

CONCLUSIONS
These structures demonstrate that PCR amplification for scaffold strand generation

enables the formation of DNA origamis of a broad range of scaffold lengths. By using PCR, a
continuum of scaffold lengths becomes available between 100-10,000 bp, along with the ability
to choose any section and source of DNA. This method enhances the versatility of the DNA
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origami method by allowing the scaffold length to be matched to the design, rather than
conforming the design to an available scaffold length. This is especially important for making
thin, branched motifs, which are smaller than previously reported two-dimensional origami
structures.
Asymmetric PCR20 could also be used to generate a single-stranded PCR product with
sufficient purity for use in making DNA origami. While this method appears promising, to date I
have only had moderate success in obtaining a scaffold pure enough to make well-formed
origami.
In summary, I have developed and demonstrated the use of a simple and general scaffold
preparation method for forming DNA origami nanostructures of a range of sizes and shapes. This
process allows us to assemble largely open designs with thin, branched features, rather than filled
in shapes. My small, thin structures with square junctions have potential applications in
nanoelectronics, addressing the need for narrow (<20 nm), branched features for wiring. These
asymmetric, branched DNA structures could provide circuit templates and, with metal deposited
on them,8-11 act as nanowires. Selective metallization could also facilitate the placement of active
elements such as semiconducting carbon nanotubes in targeted locations to form transistors. The
ability to design thin nanostructures with well-defined shapes and right angle features, coupled
with selective metallization, might also find use in nanophotonics.21 My work should open the
way for a rich diversity of DNA origami nanostructures to be made to address a range of
scientific needs in nanoscale research.
2.5
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CHAPTER 3: DNA ORIGAMI STRUCTURES FOR NANOELECTRONIC
CIRCUIT TEMPLATES
3.1

INTRODUCTION
Combining top-down with bottom-up fabrication techniques is a promising route to

enable new and smaller nanostructures. Keren et al.1 demonstrated that bottom-up DNA
templating techniques could be used to assemble a carbon nanotube transistor. Many
nanostructures built from the bottom-up utilize a combination of top-down and bottom-up
techniques because there needs to be a connection from the nanostructure to the macro-world.
The nanostructures need to be connected to top-down patterned electrical leads, for example, to
enable control of the nanostructure and connect it to the rest of the device. This connection
makes it difficult for single nanodevices, like a transistor, built using self-assembly techniques to
compete in scale against well-controlled lithographic patterning. If, instead of individual pieces
being self-assembled, an entire circuit could be assembled from the bottom-up, using DNA
origami templates, then the overall density could potentially be increased.
In Chapter 2, I demonstrated that branched, wire-like DNA origami structures could be
assembled using the technique of DNA origami along with a PCR-based scaffold strand
generation technique. The next step toward using DNA origami structures as templates for
nanoelectronic circuits is to design and assemble more complex DNA circuit templates. Figure
3.1 illustrates a potential DNA design which could be used as a n-type metal-oxidesemiconductor (NMOS) NOR gate (which follows NOR logic, or the negation of an OR logic
gate), with two transistors in parallel. It provides a simple step forward in the design of DNA
origami templates to enable assembly of multiple transistors onto a single structure. The basic
shape is a rectangle with four leads, two for the source and drain (high and low voltages), and
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two for the gates (A and B) that control the transistors. In this chapter I discuss DNA origami
designs that could be used to make the circuit architecture in Figure 3.1.
To design and assemble these DNA origami circuit templates, several other factors were
explored, including 1) the ease or
difficulty

of

linking

together

separate DNA origami structures, 2)
the formation of different types of
corners in DNA origami structures,
and 3) the flexibility of narrow
linewidth,

flat

two-dimensional

structures in comparison to thin,
three-dimensional structures.

Figure 3.1. NMOS NOR gate design. (A) The basic design
of an NMOS NOR gate. Blue lines represent the transistors.
If either, or both, of the transistors are in the open (high)
state, then there is low resistance across the transistor(s),

In addition, I designed other

and the output will be low. If both transistors are closed,

DNA origami structures, including a

then the output is high. (B) A DNA origami scaffold shape

410 nm long rectangular bar DNA

that could be used to assemble the NOR gate.

origami

structure.

This

DNA

origami could provide longer leads for the circuit structure and was also a useful length to test
deposition of two different metals on the same DNA origami template.
3.2

EXPERIMENTAL

3.2.1 Materials
M13mp18, lambda DNA, and streptavidin-coated magnetic beads were purchased from
New England Biolabs. Staple strands for DNA origami folding were purchased from either
Integrated DNA Technologies or Eurofins MWG Operon (diluted or obtained at 100 µM in TE
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buffer). PCR primers were ordered from either Integrated DNA Technologies or Eurofins MWG
Operon and diluted to 1 µg/µL in water. PCR purification kits were obtained from Qiagen. DNA
polymerase and PCR buffers were acquired from Invitrogen. 30 kDa Amicon ultra 0.5 mL
centrifugal filters were purchased from Millipore. Ultrapure, 18 MΩ water was produced by an
EasyPure water purification system.
3.2.2 Methods
Design Programs. The DNA origami structures were designed using either SARSE or
caDNAno. These programs can be downloaded from http://cdna.au.dk/software/ and
http://cando-dna-origami.org. The details of the DNA origami designs are given in Appendix A,
and the staple strand sequences can be found in Appendix B.
Scaffolds. M13mp18 was used directly for the rectangular circuit half, the circular circuit
structure, and the long bar structure. PCR-generated scaffolds from lambda DNA were used for
the 2D and 3D corner structures. The PCR-generated scaffolds were prepared the same as in
Chapter 2 (see section 2.2.2) with some small modifications. PCR was performed with 80 ng of
lambda DNA as the PCR scaffold. The PCR programs were modified with appropriate primer
annealing temperatures and polymerase extension times (57 °C annealing temperature and 2 min
45 sec polymerase extension time for the 2D corner DNA origami structure and 58 °C annealing
temperature and 2 min 6 sec polymerase extension time for the 3D corner DNA origami
structure) with a final extension time of 4 min. The same steps were followed, as in Chapter 2,
for the scaffold strand separation and purification, with 20 µL of PCR product used for each
separation, sample mixing for 30 min to bind the DNA to the beads, and purification after the
separation with spin columns (QIAquick PCR purification kit).
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Primers and Sections of DNA Amplified. Table 3.1 gives primer sequences and
information about the section of Lambda DNA amplified for the scaffolds.
Table 3.1. Scaffold information and primer sequences for DNA origami designs.
DNA origami

Lambda bases used

Length

2D Corner

39576–42308

2733 bp

3D Corner

39187–41340

2154 bp

Sequences of the PCR primers
GGATCTATGAAAAACATCGC
[BioTEG]CGACGCTTTCTTGTTCG
GACCAGCCAGAAAACGACC
[BioTEG]CGCGTCTGAATATCCTTTGG

DNA Origami Folding. The DNA origami structures were folded with a 1:10 molar ratio
of scaffold strand to staple strands in 1xTAE-Mg2+ buffer. All the DNA structures, except the 3D
corner, were folded by denaturing (95 ºC for 3 min) and slowly annealing from 95 ºC to 4 ºC in
90 min. The 3D corner structure was denatured (94 ºC for 5 min) and slowly annealed from 80 to
60 °C in 80 min, followed by cooling from 60 to 24 °C in 46.5 hrs.
DNA Origami Linking. The rectangular circuit halves were successfully linked, using
the direct linking approach (see Figure 3.2), by assembling the individual halves using the same
folding process as above, filtering the two DNA origami halves using 30 kDa Amicon filters to
remove excess staple strands, and then combining the two halves together. The samples were
filtered by spinning the samples for 10 min at 13,000 rpm, rinsing twice with 500 µL 1 x TAEMg2+ buffer by spinning for 10 min at 13,000 rpm, and recovering the sample by spinning for
about 2 min at 3,500 rpm. After filtering, the samples were combined in equal molar ratios and
placed in a heat block at 37 °C for 45–90 min. Linking the rectangle circuit halves with two
different types of linkages was also attempted (see Figure 3.2 for the design and Appendix B for
the sequences). The same steps were followed as above (to link one side) and then the additional
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linking strands, for the helping
strand linkage, were added to the
solution (2 µL each of three
linking

strand

with

10

µL

rectangle circuit solution) to link
the second side. The solution was
then placed on a heat block for 37
°C for 47 min. After folding the
“T”

structures

(with

the

appropriate linking strands) and
filtering to remove excess staple
strands, the two “T” solutions

Figure 3.2. Linking techniques. (A) A direct linking approach
where extended staple strands pair with each other. (B) A helping
strand approach to linking where extended staple strands pair
with a third strand.

were combined and placed on a heat block at 37 °C for 30 min. Then the additional linking
strand was added (2 µL linking strand with 20 µL “T” solution) and the solution was placed on a
heat block at 37 °C for 30 min.
AFM Imaging. DNA origami samples were deposited onto freshly cleaved mica, rinsed
with water, and dried using compressed air. The samples were imaged in air using tapping mode
on a Digital Instruments Nanoscope IIIa MultiMode AFM (Veeco) with silicon force modulation
AFM tips (AppNano FORTA probes, 1.6 N/m, 61 kHz).
3.3

RESULTS AND DISCUSSION
DNA Origami Structures. I have designed and assembled several DNA origami

structures in addition to those found in Chapter 2. These structures include a rectangle with
leads, corner shaped structures, and a longer rectangular bar structure. The first of these
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structures, a rectangle with two leads, was made in two identical pieces, designed to link together
to form the final structure. Figure 3.3A shows the scaffold trace of the structure and how it can
link together to form one larger construct with inner dimensions of ~160 x 160 nm, a thickness
of ~17 nm (6 helices), and 75 nm long leads (4 helices or ~11 nm thick). This structure uses
7,216 bases from the M13mp18 scaffold for each half (total of 14,432 bp) with 226 staple strands
(452 total staple strands) and can be
folded directly from the naturally
occurring scaffold instead of using a
scaffold generated through PCR and
magnetic bead separation. For more
details on how the structure was
designed in the SARSE program, see
Appendix A.
To link the structures together,
DNA staple strands were designed to
continue across from one half of the
Figure 3.3. Rectangular circuit DNA origami structure.
(A) Scaffold trace of the rectangular circuit structure. (B)
AFM image of half of the DNA origami structure. The
staple strands used to link the two halves together were

structure to the other half (see Figure
3.3A inset). The arms were designed
with staggered helices where they
connect together to ensure that the

not included in the mixture. (C) AFM image of the DNA

arms connect in the correct orientation,

origami structure with the linking staple strands included.

instead of having one of the arms

Scale bars are 200 nm.

turned relative to the other. Figure
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3.3B shows individual halves of the rectangle structure. If the staple strands that link two halves
together were included in the DNA origami mixture during the initial formation, the structures
were flexible enough in solution to link within themselves (see Figure 3.3C) instead of forming
dimers as expected.
Linking DNA Origami Structures. To get the structures to form dimers as desired, two
different linking techniques were attempted. In the first technique, staple strands were designed
with sticky end tails that base paired to similar extensions of staple strands on the connecting
arm. This way, each staple strand pairing could be designed differently, so that the connections
on the two sides of the rectangular box were different, as shown in Figure 3.2A. In the second
technique, the staple strands were also extended with additional nucleotides, but the linking
occurred with the addition of a
third strand that paired with the
extra

nucleotides

on

the

extended staple strands. This is
shown in Figure 3.2B.
Using

the

first

technique, I was able to form
DNA origami dimers with the
rectangle circuit halves (Figure
3.4A–C). However, the dimers
Figure 3.4. Rectangular circuit DNA origami structures. (A–C)

formed with a very low yield. It

AFM images of linked rectangular half structures. D) AFM image

was much more common to see

of rectangle halves forming chains. Scale bars are 200 nm.

multiple
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rectangle

halves

linked into longer chains (Figure 3.4D). To overcome this new issue I tried a combination of the
two linking techniques, using a direct link between extended staple strands on one side and using
bridging strands to link the extended staples on the other side. I was able to form dimers, but they
were only connected on one side, instead of both sides (Figure 3.5A). To simplify the linking
process, I attempted the same direct and bridged combination of linking techniques using the T
DNA origami structure, to see if reducing the linking area to fewer helices and therefore fewer
different linking strands would help. Once again, dimers formed with one connection, but not
both (Figure 3.5B).

Figure 3.5. Linking DNA origami structures with two different types of linkages. (A) AFM image of
partially linked rectangle half DNA origami structures. (B) AFM image of partially linked T DNA
origami structures. Red circles indicate structures with one linkage. Scale bars are 500 nm.

Flexibility of DNA Origami Structures. Another weakness in the rectangular circuit
design is the flexibility in the corners and the lead junction. The half rectangle structure often
lands with the connecting arms on two different sides, or both arms on the same side as the lead,
looking like an E. When linked together, the leads are often facing inward, instead of outward
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(see Figure 3.4B). The reason for this flexibility is that the scaffold strand is the only thing that
connects the two sides of the corner together, or the lead to the rest of the arm: none of the staple
strands cross over from lead to arm, or from the one side of the corner to the other side. An
attempt to redesign the staple strands in the corner to add additional crossover points did not
yield an improvement in rigidity, as observed in AFM images (Figure 3.6). If these structures
could be tethered to a patterned surface by the ends of the leads and the corners, the problem of
leads flipping inward and corners landing the wrong direction might be avoided. Alternatively,
one could look at constructing the corners and junctions of the DNA origami structures in a
better way.

Figure 3.6. Comparison of original and reinforced corners. (A) Original half rectangle circuit structure.
(B) Modified half rectangle circuit structure with bridging staple strands in the corner. Scale bars are 500
nm.

Figure 3.7A compares the corner in the rectangle circuit DNA origami structure with a
different way to fold the scaffold strand through a corner, inspired by Rothemund’s triangle
DNA origami structure.2 The new design has two staple strands (colored blue in Figure 3.7A) as
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well as the scaffold strand that bridge the two sides of the corner, throughout the corner. A
simple DNA origami structure (Figure 3.7B) was designed to test this corner. The scaffold for
the structure is 2733 bases of Lambda DNA and has 89 staple strands. The initial folding attempt
led to a low yield of properly folded corner structures (Figure 3.7C). However, upon redesign of
the structure to have shorter helix overhangs at the corner, the yield was increased greatly
(Figure 3.7D). Perhaps the strain in the corner of the original design was too great for the
structure to fold properly with high
yield. The well-folded corners have
an average angle of 100° with a
standard deviation of 20° (n =
116). These corners appear to be a
little more rigid when compared
with the U structure from Chapter
2, which had an average corner
angle

of

100°

and

standard

deviation of 30° (n=134).
In

addition,

a

three-

dimensional corner structure was
designed

and

assembled.

Figure 3.7. Corner DNA origami structure. (A) Comparison
of scaffold traces of corner folding patterns. Blue strands

This

indicate bridging staple strands. (B) Scaffold trace of the

structure was two helices wide and

corner DNA origami structure. (C) AFM image of the initial

two helices tall in the arms. Figure

corner structure. (D) AFM image of the redesigned, better-

3.8 shows the scaffold trace as well

folding corner structure. Scale bars are 200 nm.

an AFM image of the assembled structure. The average angle of the three-dimensional corner
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structure is 110° with a standard deviation of 20° (n = 68). It is interesting to note that even
though the three-dimensional corner is fewer helices across, it has the same standard deviation as
the two-dimensional corner version. This indicates a potential for stacking DNA helices, or
designing structures into this third dimension, to increase stability and rigidity of the junctions
and corners. Although this three-dimensional structure appears to fold well, one disadvantage is
that it takes longer to fold.

Figure 3.8. Three-dimensional corner DNA origami structure. (A) Scaffold trace of the three-dimensional
corner structure. The blue lines indicate bridging staple strands. (B) AFM image of the three-dimensional
corner structure. Scale bar is 200 nm and the height scale is 4 nm.

Additional DNA Origami Structures. Another, smaller DNA origami circuit structure
was also designed. This structure has a circular center with four spokes, instead of the
rectangular shape in the previous design. The scaffold uses 7222 bases of M13mp18 and has 244
staple strands. By having a circular center, issues with corners in the DNA structures were
avoided. Two of the leads, however, were still designed using the same approach as the
branched, “T” structure in Chapter 2 or the rectangular circuit structure. Figure 3.9 shows the
scaffold trace of this structure as well as an AFM image of the folded DNA origami. The spokes
or leads in this structure still sometimes land inward instead of outward and at times do not
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extend directly out from the circular base, but the yields of the desired structure are far higher
than for previous designs. Higher yields of correct orientations of leads could be achieved with
controlled surface attachment. The staple strands in this structure are modified and used in
Chapter 4 for selective metallization of the DNA origami template.

Figure 3.9. Circular circuit DNA origami structure. (A) Scaffold trace of the circular circuit structure. (B)
AFM image of the circular circuit structure. Scale bar is 200 nm.

A longer bar DNA origami structure that could also be used for extended leads was
designed and assembled for use in depositing two different metals onto the same DNA template.
This structure is 6 helices wide (~17 nm) and ~410 nm long. It uses 7085 bases of the M13mp18
scaffold and has 227 staple strands. The staple strands were modified to have extra bases to pair
with oligonucleotide-coated nanoparticles as discussed in Chapter 4. Figure 3.10A–B shows a
scaffold trace of this structure and an AFM image of the folded bar DNA origami structure. The
bar structures sometimes appear to have bends at various places instead of landing linearly on
mica surfaces. This could be due to the longer length, or from a defect in the DNA origami
design. The program CanDo,3 which shows the computational prediction of the threedimensional shape in solution, indicated that the structure has an overall twist when in solution
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(see Appendix A). As the bar shape lands on a surface, the twist could account for the bends that
appear.
Another way to obtain a
long bar structure would be to
link together smaller DNA
origami bars. This was done
with the M13mp18 rectangle
bar

from

Chapter

2

by

modifying the end staples to
bridge from one bar to the next
(Figure 3.10C). This technique

Figure 3.10. Long bar DNA origami structures. (A) Scaffold

works well to create long

trace of the long bar structure. (B) AFM image of the long bar

chains, albeit without control

structure. (C) AFM image of the four helix-wide short bar

for a particular length.
3.4

structure, linked together into long chains. Scale bars are 500 nm.

CONCLUSIONS
I have been able to successfully fold more complex DNA origami templates. In addition,

I have explored different aspects of DNA origami folding, such as different ways to create
corners in structures, linking of DNA origami structures, and two-dimensional versus threedimensional DNA origami structures.
In exploring different types of corner structures, I found that both the corners (and
reinforced corners) in the rectangular circuit structure as well as the two and three-dimensional
corner structures folded properly. It would be interesting to redesign the rectangular circuit
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structure with the corners from the corner DNA origami structures and see how the rigidity in the
corner is affected.
Although linking the rectangle circuit halves together only produced the correct dimers in
low yield, the information learned could help in future DNA origami designs. It is useful to note
that DNA origami structures will link within themselves very well, as the rectangle half
structures did with the original bridging staple strands. Long chains of linked DNA origami also
assemble easily and could be quite useful for bringing together multiple DNA origami circuit
templates. DNA origami dimers with one connection are also possible, but if dimers with two
connection points are desired, then extra care needs to be taken in the design to prohibit long
chains from forming. This might be overcome through the use of controlled polymerization or
stepwise addition of critical reactants.
I found that three-dimensional, narrow linewidth DNA origami structures can also fold
well, in addition to flat, two-dimensional structures. Designing corners and other portions of a
DNA template with three-dimensional sections may add additional rigidity to the structures.
Even though the corner structure I designed took longer to fold than the two-dimensional
structures, new techniques are being explored to reduce the time involved in DNA origami
folding and understand the process better,4 to make folding these structures easier.
These structures and studies could allow for the formation of complex DNA origami
circuit templates and, in combination with surface placement, enable the assembly of small,
compact circuit structures using bottom-up self-assembly techniques.
3.5
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CHAPTER 4: FUNCTIONALIZATION OF THIN, BRANCHED DNA ORIGAMI
STRUCTURES WITH GOLD FOR SURFACE PLACEMENT AND
METALLIZATION SEEDING
4.1

*

INTRODUCTION

4.1.1 Surface Placement of DNA Origami
The ability to pattern surfaces with feature sizes less than 20 nm remains a major
challenge of lithography, with no proven optical solution.1 Bottom-up processes are an
interesting option due to their ability to create patterns with feature sizes far below current
optical methods. In these controlled systems, fundamental interactions cause molecules to selfassemble into organized structures. Two such self-assembly methods are block copolymer (BCP)
patterning and DNA origami. BCPs can create highly regular features on surfaces, but the types
of features are limited to arrays of dots or parallel lines.2-4 In contrast, DNA origami is capable of
creating a broad range of shapes in solution,5-6 but DNA origami-based surface patterning relies
on the development of processes allowing controlled placement of DNA origami on a surface.
Recently, selective DNA origami surface placement has been demonstrated using binding
sites which are large compared to the DNA origami feature sizes. In a report by Kershner et al.
DNA origami was placed selectively by using optical and electron beam lithography to pattern
hydrophilic regions where DNA origami adsorbed with higher stability than on the hydrophobic
background.7 Following a surface rinse, DNA origami remained selectively within the
hydrophilic patterns. Gerdon et al.8 functionalized e-beam patterned gold pads placed with 11mercaptoundecanoic acid, which binds ionically with magnesium ions in the DNA origami
*

This chapter is adapted with permission from Pearson, A. C.; Pound, E.; Woolley, A. T.; Linford, M. R.; Harb, J.
N.; Davis, R. C., Nano Lett 2011, 11 (5), 1981-1987 and Pearson, A. C.; Liu, J.; Pound, E.; Uprety, B.; Woolley, A.
T.; Davis, R. C.; Harb, J. N., J Phys Chem B 2012, 116 (35), 10551-10560. Copyright 2010, 2012 The American
Chemical Society.
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solution. In this case, the Coulombic attraction between DNA origami and magnesium ions
caused selective DNA origami deposition. Ding et al.9 covalently attached DNA origami to a
surface by using consistently spaced 60 and 80 nm diameter gold islands made by e-beam
lithography. DNA origami nanotubes, which were modified by addition of thiol functionalized
staple strands near each end, were attached between gold island pairs. This method allows
orientation control of DNA origami by alignment with the patterned gold islands.
The ability to align DNA origami accurately on a surface is dependent on the binding
mechanism and the binding site geometry. Weak attachment mechanisms allow enough mobility
for the DNA origami to align with larger binding sites, but more stable attachment mechanisms
do not provide such mobility. In state-of-the-art optical lithography, the alignment tolerance is
much less than the smallest feature size of the pattern. To achieve both alignment accuracy
comparable to lithography and a highly stable attachment, binding sites must be smaller than the
minimum DNA origami feature size, which could be as small as 2, 5, or 8 nm for 1, 2, or 3 rows
of double helices in planar geometries, respectively, where the alignment accuracy cannot be
better than the size of the binding site. Examples of DNA origami structures with feature sizes in
this range are DNA origami nanotubes10 and thin, branched structures, described in Chapters 2
and 3.
Here my focus was to study for the first time the chemically directed assembly of DNA
origami to nanoscale patterned surface binding sites and specifically to chemically functionalized
BCP generated nanospheres. BCP generated nanospheres present an attractive test bed for this
study since the minimum BCP surface feature size is a good fit to origami binding site
requirements. BCPs can self-assemble into periodic domains which are a few nanometers to tens
of nanometers across with spacings between tens and hundreds of nanometers.11 Additionally,
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the location and orientation of BCP patterns can be controlled by alignment to chemical or
topographic features patterned by top-down methods.2-4, 12-15
A well-known method of DNA attachment uses thiol functionalized single-stranded DNA
(ssDNA-SH) reacted with Au and base paired with complementary ssDNA in solution.16-17 This
interaction has been used previously to attach gold nanoparticles (Au NPs) to DNA origami,
where ssDNA functionalized Au NPs base paired with selected staple strands which had been
extended with a complementary sequence.18-19 This base pair attachment method provides a
stable, chemically specific binding mechanism to attach DNA origami to BCP patterns, since
BCPs can be used to control the location of gold features on a surface. As an example, Chai and
Buriak20 have shown incorporation of metal ions from a dilute HCl solution into the poly-2-vinyl
pyridine (P2VP) domain of a self-assembled polystyrene-b-poly-2-vinyl pyridine (PS-P2VP)
film. A plasma etch was used to remove the polymer and reduce the metal ions, leaving behind
patterned arrays of metallic features in the place of the P2VP block. Park et al.21 showed
selective gold incorporation into the P2VP domain in a self-assembled PS-P2VP film through
surface reconstruction in ethanol, evaporation of Au onto the surface, and surface recovery by
heating. A subsequent plasma etch was then used to remove the polymer as in the previous
example. Here Anthony C. Pearson and I used the Au/ssDNA-SH reaction in combination with 5
nm BCP patterned, reduced gold nanospheres to chemically direct the placement of DNA
origami.
4.1.2 Gold Nanoparticle Seeding for Metallization
Self-assembly methods have shown promise for the fabrication of complex structures
with extremely small feature sizes.22-23 Scaffolded DNA origami, in particular, provides a robust
and simple method for designing patterned shapes in the sub-100-nm regime. The DNA origami
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technique can produce a wide variety of two-dimensional,5, 24 as well as three-dimensional,25-29
structures by folding a long single-stranded DNA “scaffold” into a designed shape with use of a
large number of shorter “staple” strands consisting of synthetic DNA. A distinct advantage of
DNA origami is that the staple strands can be adjusted to engineer site-specific attachment points
throughout the structure. Location-selective variability can be achieved either by direct chemical
modification at the ends of staple strands or by extending staple strands with additional
nucleotides and hybridizing these “sticky ends” with a complementary sequence containing the
desired functional group or moiety. Using these techniques a variety of materials have been
controllably attached to DNA origami such as RNA probes,30 proteins,31-34 carbon nanotubes,35
and metal nanoparticles.18-19, 36-39
The use of DNA origami structures as templates for metallization is potentially enabling
for technologies such as nanoelectronic circuits40 and plasmonics,41-42 among others. Although
there is a considerable body of literature describing the metallization of linear, double-stranded
DNA,43-46 there are far fewer reports of continuous metallization of DNA origami.47-51 One
particularly attractive aspect of molecularly templated nanofabrication is the possibility of
dictating the precise location of metallization. Site-specific metallization is possible with DNA
origami where the recognition properties of DNA can be used to create the complex structures
needed, for example, for nanocircuit formation.
Fabrication of conductive nanowires on a DNA origami template is complicated due to
the difficulty of achieving high seed density, plating precision, and high stability of the DNA
origami during the plating process.47 Site-specific placement of seeds causes limitations in seed
density since the spacing between available attachment points is controlled by the staple strand
spacing. Additionally, the seeds must be chemically modified prior to attachment and
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metallization, which may affect the metallization process. Another focus of this chapter, in
addition to surface placement on patterned nanospheres, is the fabrication of nanowires by sitespecific metallization of DNA origami templates.
Recently, site-specific metallization of a modular, 100 nm X 100 nm DNA origami tile
was reported by Pais et al.49 In that report metal structures of a few different shapes were formed
by electroless plating of silver onto Au NPs placed at specific sites on the DNA origami tiles.
This chapter provides at least two distinct advances toward enabling functional electronic device
fabrication using site-specific metallization of DNA origami: 1) the thin, branched DNA origami
structures discussed in Chapters 2 and 3, allow for considerably longer wires than is possible
with a modular and dense tile motif;47-48, 51 and 2) the high seed density achieved herein permits
the fabrication of continuous nanowires of very small diameter.
4.2

EXPERIMENTAL

4.2.1 Materials
M13mp18 and streptavidin-coated magnetic beads for DNA scaffold preparation were
purchased from New England Biolabs. Staple strands for DNA origami folding were purchased
from Eurofins MWG Operon (diluted to or obtained at 100 µM in TE buffer). Single stranded
DNA thiol was purchased from Eurofins MWG Operon with PAGE purification and either
diluted to 100 µM, or 1 mM in water. PCR primers were ordered from either Eurofins MWG
Operon or Integrated DNA Technologies and diluted to 1 µg/µL in water. PCR purification kits
were acquired from Qiagen. DNA polymerase and PCR buffers were purchased from Invitrogen
or New England Biolabs. 30 kDa Amicon ultra 0.5 mL centrifugal filters were purchased from
Millipore. Slide-a-lyzer 3.5K MWCO mini dialysis units and floats were purchased from Thermo
Fisher Scientific. HAuCl4 was purchased in powder form from Sigma Aldrich. Polystyrene-b-
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poly-2-vinylpyridine was purchased from Polymer Source, Inc. (Mn,PS = 57,000 g/mol, Mn,P2VP =
57,000 g/mol, polydispersity index = 1.08). Au nanoparticles (5 nm) and mica for AFM imaging
were purchased from Ted Pella. BSPP (bis(p-sulfonatophenyl)-phenylphosphine dihydrate
dipotassium salt) was obtained from Strem Chemicals. (100) n-type silicon wafers were
purchased from Silicon Wafer Enterprises, LLC. The silicon monoxide support films on copper
TEM grids were purchased from Ted Pella (Product # 01830). Water used was ultrapure, 18 MΩ
water produced by water purification systems.
4.2.2 Surface Placement Methods
Preparation of Au Nanosphere Arrays on SiO2 Surfaces.36 Silicon wafers with
approximately 350 nm of thermally grown oxide were cleaved into 1 cm2 silicon dies and
cleaned using RCA standard cleans 1 and 2. The cleaned surfaces were then dipped into and
withdrawn from a AuCl4- loaded PS-P2VP micelle solution52 at a rate of approximately 75 µm/s
to deposit a monolayer of micelles on the surface. Surfaces were then exposed to an oxygen
plasma (40 W, 50 mTorr) followed by a hydrogen anneal. Anthony C. Pearson prepared these
samples.
DNA Origami Folding. DNA origami rectangle structures were prepared as previously
reported in Chapter 2, using four
extended

staple

Appendix

B

strands
for

(see

additional

information). Briefly, purified
was

Figure 4.1. Structure of the DNA origami rectangle, showing the

mixed with staple strands in a

staple strand crossovers and locations of sticky end modifications.

1:10 molar ratio in 1X TAE-

Modified staple strands are colored red.

single-stranded

scaffold
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Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 12.5 mM magnesium acetate). The
DNA origami was folded by denaturing (95 °C for 3 min) and slowly annealing from 75 to 4 °C
in 70 min. Following DNA origami preparation, filtration was required prior to surface
attachment. The solution was filtered with 30 kDa Amicon ultra-0.5 mL centrifugal filters to
remove excess staple strands. The structure of the DNA origami rectangle and location of sticky
ends is shown in Figure 4.1.
Au Nanosphere Functionalization. To functionalize Au nanosphere arrays, the disulfide
protected single stranded DNA-thiol (ssDNA-SH) was first reduced to form a free sulfhydryl
group by reaction with 4 mM tris(2-carboxyethyl)phosphine (TCEP) in water held at 40 °C for 2
hr. The reduced ssDNA-SH solution (10 µM) was then purified by dialysis to remove the TCEP
using a slide-a-lyzer 3.5K MWCO mini dialysis unit. The solution was dialyzed for a total of 2
hr, with the solution being exchanged with fresh 0.5X TBE buffer (44.5 mM Tris, 44.5 mM boric
acid, 1 mM EDTA, 50 mM NaCl) every 30 min. Surfaces patterned with noncomplementary
ssDNA were prepared by reacting Au nanosphere arrays with a 25-base ssDNA-SH (see Table
4.1 for specific sequence) while patterned complementary ssDNA surfaces were prepared by
functionalizing Au nanosphere arrays with an 8-base polythymine ssDNA-SH. In both cases, the
Au nanospheres were functionalized by placing a drop (30 μL) of the dialyzed, reduced ssDNASH solution on the patterned surfaces and incubating for 18 hr. During all reactions, surfaces
were placed on an inverted glass dish in an enclosed container with enough standing water to
keep solutions from evaporating. Following the reaction, samples were rinsed in a stream of
water, and before drying, the samples were then immersed in water for at least 1 hr to remove
non-specifically bound ssDNA-SH. Finally, samples were rinsed again briefly in a stream of
water, and blown dry with filtered air.
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Table 4.1. ssDNA-SH sequence information.
Complementary ssDNA-SH

3' - TTTTTTTT - thiol

Non-complementary ssDNA-SH

5' - AACCCGCGAGGTCCCCGCCCTACGT - thiol

DNA Origami Attachment. Following preparation of the patterned ssDNA surfaces, a
30 µL drop of approximately 2 nM DNA origami solution was placed on the surfaces, in the
humidified container described above, at room temperature for times ranging from 30 min to 4
hrs to allow hybridization. Following all reactions, surfaces were rinsed for 30 sec in a stream of
water, and before drying, the samples were then immersed in water for at least 1 hr to remove
non-specifically bound DNA origami. Finally, samples were rinsed again briefly in a stream of
water, and blown dry with air.
AFM Imaging. The samples were imaged in air using tapping mode on a Digital
Instruments Dimension V AFM (Veeco) with FORTA force modulation AFM tips made by
AppNano (Al coated, silicon, purchased from Nanoscience Instruments). Images in Figure 4.3
(Section 4.3.1) show examples of DNA attachment for times varying from 30 min to 4 hrs.
4.2.3 DNA Origami Seeding Methods
DNA Origami Designs. Branched (“T”) shaped DNA origami structures were formed
using a 2958 base scaffold, amplified from M13mp18 as previously reported in Chapter 2. To
enable Au NP attachment, select staple strands from the previously reported design were
modified to contain a sequence of 10 adenine nucleotides on the 3’ end. In the initial
experiments, 33 staples on one-half of the top section of the “T” structure were modified. For
later experiments, the entire top section consisted of modified staple strands (67 in total). For the
‘T” structure with a gap, 39 staples were modified. Any staple strand that was modified for the
structures was used in place of that particular original staple strand when folding the DNA
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origami structure. The prototype logic gate structure was folded using M13mp18 for the scaffold
with 246 staple strands. 156 of the staple strands contain the extra 10 adenines on the 3’ end for
gold nanoparticle attachment. For specific sequence information refer to Appendix B.
DNA Origami Folding. DNA origami structures were folded by heating a mixture of the
scaffold and staple strands (2 nM scaffold and 20 nM of each staple strand in 1X TAE-Mg2+
buffer) to 95 °C for 3 min and then slowly cooling to 4 °C over 90 min. DNA origami solutions
were filtered with 30 kDa Amicon filters, to remove most of the excess staple strands, by
centrifuging for 10 min at 13,000 rpm. Samples were rinsed twice with 450–500 µL of either 1X
or 10X TAE-Mg2+ buffer (10X was used for DNA origami surface seeded samples) by
centrifuging for 10 min at 13 000 rpm and recovered off the filter by spinning with the filter
upside down for 3 min at 3500 rpm.
Au NP Preparation. I followed steps similar to those reported previously18,
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to

phosphinate and concentrate the Au NPs with BSPP. Specifically, 1.5 mg of BSPP was added to
5 mL of Au NPs and shaken overnight. 100 mg of NaCl was added, and the solution was
centrifuged to pellet the Au NPs. The supernatant was removed, and the Au was resuspended
with an aqueous BSPP solution (100 µL, 2.5 mM). Methanol (100 µL) was added, and the
solution was centrifuged again to pellet the Au. After removing the supernatant again, the Au
was resuspended in aqueous BSPP solution (100 µL, 2.5 mM). The concentration of Au NPs was
estimated by comparing the absorption at 520 nm to the absorption of the original gold solution
using a Nanodrop 1000 spectrophotometer.
Au NP-DNA Conjugates. Thiolated DNA was used without deprotecting the disulfide
bond, as the reaction worked either with or without deprotection. Au NPs and thiolated DNA
were combined in a 1:200 molar ratio and left to react at room temperature for at least 19 hr. The
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Au NP DNA conjugates were filtered using 30 kDa Amicon filters to remove unbound thiolated
DNA. Samples were rinsed twice during the filtration using 450–500 µL of 0.5X TBE buffer.
About 30–35 µL was recovered, with Au NP concentrations around 1–3.5 µM.
Attachment of Au NPs to DNA Origami Structures. For solution attachment of Au
NPs to DNA origami structures, DNA origami was combined with the Au NP-DNA conjugates
with varying Au NP to DNA origami ratios (of about 1:1, 12:1, 19:1, and 27:1) and cooled from
37 to 20 °C over about 17 min. Then, the solution was deposited onto a mica surface for AFM
imaging.
For Au NP surface attachment to DNA origami on SiO2, DNA origami structures were
placed on silicon surfaces using a method reported by Kershner et al.7 Silicon dioxide surfaces
were plasma cleaned (Harrick Plasma Asher; PDC-32G) for 30 sec at 18 W to remove
contaminants on the surface. Then, 3 µL of filtered DNA origami (2 or 0.67 nM), in 10X TAEMg2+ buffer, was allowed to adsorb onto the cleaned surface for 2 hr in a humid chamber at room
temperature. The sample was then dipped in a 50% ethanol solution (5 sec) and a 90% ethanol
solution (1 hr). Next, the surface was dried by a stream of filtered air and put back into a humid
chamber. Subsequently, 12 µL of seeding solution (Au NP-DNA conjugates diluted in 10X
TAE-Mg2+ buffer, 33 nM) was added onto the surface and allowed to seed DNA for 30 min at
room temperature. Afterward, the surface was rinsed in 10X TAE-Mg2+ buffer (5 sec), 50%
ethanol solution (5 sec), and 90% ethanol solution (1 hr). Finally, the surface was dried with a
stream of filtered air.
AFM Imaging. The samples were imaged in air using tapping mode on a Nanoscope IIIa
MultiMode AFM (Veeco) with silicon tapping mode or silicon force modulation AFM tips
(Bruker NCHV-A, ~50 N/m, ~350 kHz; AppNano FORTA, ~1.6 N/m, ~65 kHz).
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4.3

RESULTS AND DISCUSSION

4.3.1 Surface Placement of DNA Origami

Figure 4.2. DNA origami attachment process. (A) A gold nanosphere patterned surface is formed through
a block copolymer patterning process. (B) Au nanospheres are functionalized with ssDNA-SH thiol. (C)
DNA origami, which have been modified with sticky ends by extending appropriate staple strands on
each end, are placed on the surface, where the modified staple strands base pair with the ssDNA-SH.

Overview. A process schematic of the DNA origami attachment method used is shown in
Figure 4.2.36 First, patterned Au nanospheres were formed from a BCP micelle directed gold
deposition and reduction process (Figure 4.2A). Next, the Au nanospheres were reacted with
ssDNA-SH, creating a patterned ssDNA surface (Figure 4.2B). Finally, a drop of solution
containing DNA origami rectangles with complementary sticky ends was placed on the surface
to allow base pairing (Figure 4.2C).
Here the BCP micelle method is used to pattern 5 nm Au nanospheres with an average
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center-to-center particle spacing of 62 nm. A DNA origami rectangle, 64 nm in length and 11 nm
in width, was modified with
ssDNA at each end (sticky ends)
by

extending

selected

staple

strands with a 10-base (3.3 nm in
length)

polyadenine

Attachment
performed

chain.

studies
by

were

functionalizing

patterned Au nanospheres with
ssDNA-SH (8-base polythymine),
which is complementary to the
origami

sticky

ends,

then

exposing DNA origami to these
surfaces and to several control
surfaces.
Attachment Studies. For
Figure 4.3. DNA origami bars on ssDNA functionalized Au

patterned complementary ssDNA

nanosphere surfaces. Reactions were carried out for 30, 60,

surfaces, results show an increase

150, and 240 min for (A), (B), (C), and (D) respectively. (E)

in the DNA origami surface

Shows the origami/µm2 on samples and oxide controls for all

concentration from 90 to 230

reaction times. The right axis (red) shows values for the oxide

DNA

surface, while the left axis (blue) shows values for the Au
nanosphere surfaces. Images in (A–D) are 750 nm on each side.
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origami/µm2

investigated

over

the

hybridization

reaction period (see Figure 4.3).

However, the DNA origami surface concentration on SiO2 controls was independent of reaction
time, with only about one DNA origami/µm2 for all reaction times (see Figure 4.3E). The
attachment yield, which is defined as the percentage of Au nanospheres having at least one DNA
origami attached, on patterned complementary ssDNA surfaces increased from 31% for the
shortest reaction time to 74% for the longest reaction time, and the trend in Figure 4.3E
indicates that higher yields might be achieved, although it is tapering off, by increasing the
reaction time further. Interestingly, analysis of AFM data showed that over 90% of DNA origami
had attached between two Au nanospheres, while the remaining DNA origami had only attached
to one Au nanosphere. This shows that enough rotational freedom is maintained following the
binding of a single end of the DNA origami that the DNA origami is generally able to bridge and
bind between two Au nanospheres.
Control experiments were used to probe the attachment mechanism. The following three
DNA origami/surface combinations were used: (1) DNA origami deposited on a SiO2 surface,
(2) DNA origami deposited on a patterned noncomplementary ssDNA surface, and (3) DNA
origami with no sticky ends deposited on a patterned ssDNA surface. These experiments were
performed by exposing surfaces to a solution containing ssDNA-SH, where the 8-base
polythymine-thiol was used in all controls except the patterned noncomplementary ssDNA
surface (in this case the 25-base ssDNA-SH was used). The surfaces were then exposed to DNA
origami for 4 hr. The controls were run in parallel with a patterned complementary ssDNA
surface, where base paired attachment of the DNA origami was expected. AFM analysis showed
similar low DNA origami surface concentrations for all control surfaces (see Figure 4.4A–C).
The number of attached DNA origami was approximately 200 times greater on the surface with
base paired attachment than on control surfaces with non-specific attachment.
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Figure 4.4. Control experiments used to probe the mechanism of origami attachment. (A) Sticky-end
modified origami bars were placed on a clean oxide surface. (B) Non-modified origami bars were placed
on a ssDNA functionalized Au nanosphere surface. (C) Sticky-end modified origami bars were placed on
a ssDNA modified Au nanosphere surface where the ssDNA-SH was non-complementary to the origami
sticky ends. (D) Modified origami bars were placed on a ssDNA functionalized surface, where
complementary ssDNA was used. All reaction times were 4 hrs. The scale bar is 200 nm and applies to
all images.

Experimentation has suggested that proper surface preparation is vital in avoiding
nonspecific DNA origami attachment. It was observed that DNA origami exposed to clean,
hydrophilic SiO2 could be rinsed from the surface. However, contaminated surfaces allowed
adsorption of DNA origami. By maintaining clean SiO2 surfaces and by using vigorous rinses in
water after both the thiol reaction and the DNA origami reaction, only one nonspecifically
attached DNA origami/µm2 was seen on control surfaces for all investigated reaction parameters.
Interestingly, DNA origami placed on freshly prepared bare Au nanosphere patterned
surfaces is removed from the surface fairly easily through rinsing after a 3 to 4 hr exposure time
(Figure 4.5A). However, when the Au nanosphere patterned surfaces were first placed in a
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buffer or water solution overnight prior to
introduction of DNA origami (instead of
incubation with ssDNA-SH) a fairly high
attachment yield resulted even after some
vigorous

rinsing

(Figure

4.5B).

This

interaction is dependent on the existence of
sticky ends on the DNA origami, since
those containing no sticky ends rinse fairly
easily from Au nanospheres which were
placed

in

aqueous

solution

overnight

(Figure 4.5C). Apparently the surface
Figure 4.5. Surface treatment control samples.
(A) DNA origami attachment to freshly prepared
bare Au nanospheres. (B) DNA origami attached

chemistry of the gold is altered in the
extended interaction with aqueous solution,
causing it to adsorb ssDNA much more

to a bare Au nanosphere surface which was
stored

overnight

in

buffer

solution.

(C)

Attachment of DNA origami with no sticky ends

strongly. This interaction seems to be
blocked when the Au nanospheres are

to a bare Au nanosphere surface after being

modified with ssDNA-SH since the Au

stored

nanosphere surfaces reacted with a solution

overnight

interaction

of

in
the

buffer

solution.

sticky-ends

with

The
Au

of

non-complementary

ssDNA-SH

nanospheres seems to become more stable on

overnight showed little DNA origami

surfaces placed in aqueous solutions overnight.

attachment.

Images are 1.5 µm X 750 nm. The height scale
shown next to (C) applies to all images.

Au

nanospheres

formed

using

optimized plasma and annealing conditions
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are generally stable during the thiol reaction. Successful binding of ssDNA-SH on these surfaces
was verified by the highly selective attachment of DNA origami to ssDNA-SH reacted Au
nanosphere surfaces. While the physical and chemical stability of the base-pair or thiol
attachments has not been thoroughly investigated, the ability of the DNA origami to remain on
the surface following the vigorous rinsing technique shows that the overall attachment is fairly
robust. The Au nanospheres are generally very difficult to remove from the surface even by
sonication. However, some samples did show some instability, as seen in Figure 4.3B and C,
where there are a few open areas where Au nanospheres have been removed from the surface.
Perhaps on these surfaces the Au had not yet formed into single Au nanospheres during the
reduction process, but was instead patterned clusters of smaller Au particles as evidenced by
XPS data obtained by Anthony C. Pearson.36
While the BCP patterns here exhibit some order, a high degree of order and alignment
can be achieved by forming BCP arrays on lithographically patterned surfaces.2-4,

11-14, 20

The

formation of highly ordered BCP nanoparticle arrays was not the intent here; instead, the focus
was to study the attachment of DNA origami to nanoscale binding sites, specifically BCP
generated nanoparticles.
Using BCP micelle patterning, alignment of DNA origami between nearest-neighbor
pairs of 5 nm Au nanospheres has been shown. Previous methods using a strong chemical
binding mechanism do not allow attachment of DNA origami to pairs of binding sites which are
less than 60 nm in diameter,9 due to a low probability of the DNA origami finding and binding
with smaller sites. In this method, alignment of DNA origami with the 5 nm ssDNA patterns is
possible since block copolymer patterning forms binding sites with both small size and close
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spacing. This gives a high enough density of available binding sites to make it probable that
DNA origami will interact and bind with the patterned ssDNA.
In the AFM data, binding of multiple DNA origami to a single Au nanosphere is often
seen. In fact, a 4:5 ratio of DNA origami to occupied Au nanospheres (considering only Au
nanospheres with at least one DNA origami attachment) was seen consistently on surfaces
prepared as in Figure 4.4D. A 1:2 DNA origami to occupied Au nanosphere ratio is expected if
all binding sites contain only one attachment. While multiple binding could be useful in some
applications, it could also be problematic. It is possible that multiple binding is limited by the
steric hindrance between DNA origami in solution and an occupied Au nanosphere.36 Pearson et
al. have explored the influence of steric hindrance on multiple binding.36
4.3.2 Nanoparticle Seeding on DNA Origami
Overview. Figure 4.6 demonstrates the assembly process for site-specific metallization
of DNA origami structures to form metallic nanowires. The DNA origami structure shown is a
branched “T” structure, which was formed as previously reported in Chapter 2, except where
staple strands are extended by a polyadenine (A10) sequence on the 3’ end in selected locations
(Figure 4.6A–B). After folding the DNA origami, excess staples were removed by filtering.
Gold nanoparticles nominally 5 nm in diameter were conjugated with thiolated polythymine (T8)
DNA according to an established protocol18, 53 and combined with the DNA origami (Figure 4.6
B–C). Attachment of the T8 DNA-linked Au NPs to the extended A10 staple strands on the
DNA origami creates “seeds” along specific sections of the DNA structure for further metal
deposition (Figure 4.6C–D).
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Figure 4.6. Process used for site-specific seeding by attachment of Au NPs and subsequent metallization.
(A) Regular (blue) and modified (red portion) staple strands are used to fold a branched “T” DNA
origami structure. (B) The location of modified staple strands is programmed based on desired regions for
particle attachment. (C) Au NPs coated with DNA complementary to the modified staples are added and
attached to the DNA structure. A section is enlarged to show spacing of attached Au NPs along the DNA
structure. (D) A subsequent metallization procedure grows the particles until a continuous metal wire is
formed across the locations seeded by Au NPs.

Attachment Studies. The attachment sites, or A10 extensions, on the DNA origami were
positioned on every staple strand within the desired sections, making them about 11 nm apart
along each double helix and in a staggered pattern with adjacent helices (see red dots in zoomed
in region of Figure 4.6C). Since multiple thiolated DNA strands are attached to each Au NP and
each staple strand extension on the DNA origami contains the same DNA attachment sequence, a
5 nm Au NP could bind easily to the DNA origami through as many as three (and perhaps four)
of the extended staple strands. In initial Au NP seeding experiments, “T” origami structures were
designed to have Au NPs bind to only one-half of the top section of the DNA origami (see upper
structure in Figure 4.6B). This portion is ~120 nm long and contains 33 positions for
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approximately 11 Au NPs to attach.
When Au NPs were mixed in solution with the DNA origami at a ratio of about 12:1 Au
NPs to DNA origami, the section with Au NPs attached almost always appeared significantly
shorter by AFM than before Au NP seeding. To explore this phenomenon, ratios of Au NPs to
DNA origami of about 1:1, 19:1, and 27:1 were also tested. The 1:1 ratio samples looked very
similar to the seeded samples with a 12:1 ratio. In both samples, instead of a Au NP (or a few Au
NPs) spread somewhere along the portion of the “T” which contained attachment points, the
modified section generally looked truncated with the Au NPs near the junction of the “T”
structure (see Figure 4.7A–B). Increasing the ratio of Au NPs mixed with DNA origami to
~19:1 yielded some longer seeded segments, and increasing the ratio to ~27:1 gave even more
seeded segments close to the unseeded length (see Figure 4.7D).

Figure 4.7. Tapping mode AFM images showing solution-seeded “T” structures with Au NPs along one
branch, with varying ratios of Au NPs to DNA origami. The Au NP to DNA origami ratios are about:
(A) 1:1, (B) 12:1, (C) 19:1, and (D) 27:1. All samples were seeded in solution and then placed on mica
for imaging. The scale bars are 500 nm.

It is possible that when an insufficient number of Au NPs are available for attachment the
DNA origami can wrap or fold around attached Au NPs, causing it to be shorter. Occasionally, in
samples with the highest Au NP to origami ratio, there are what appear to be DNA origami
aggregates (see Figure 4.7D). It is possible that in some of these instances Au NPs are binding
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and connecting two different
DNA

origami

structures

together. However, since DNA
origami were also seen lying
very close together in some
samples of unseeded origami, it
is difficult to quantify this
effect.
To increase the length
of the seeded region, the DNA
origami design was modified
Figure 4.8. Tapping mode AFM images of “T” DNA origami
structures. (A) “T” DNA origami with modified staple strands
along half of the top section after the Au NP attachment process

so the staple strands were
extended across the entire top
section of the “T” structure (see

was done in solution. Here a ratio of ~27:1 Au NPs to DNA

bottom structure in Figure

origami was used. (B) “T” DNA origami with modified staple

4.6B). This section is ~240 nm

strands along the entire top section after the Au NP attachment

long and contains 67 total

process. For (A) and (B) samples were deposited on mica

extended staple strands for

surfaces for imaging. (C) Unseeded “T” DNA origami deposited

approximately 22 Au NPs to

on a SiO2 surface. (D) “T” DNA origami seeded with Au NPs
after surface deposition on SiO2. The red arrow points to the
unseeded portion on the DNA origami. The height scale in all
images is 6 nm and the scale bars are 200 nm.

attach. When Au NPs were
attached in solution to this
structure, the two sides of the
top
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section

usually

folded

together with some Au NPs attached to both sides (see Figure 4.8B). Since the entire top section
contains the same attachment sequence and the “T” structure is somewhat flexible, this was a
reasonable, but undesired, result. The problem of simultaneous attachment may be addressed in
multiple ways, for instance, by using staple strands with different binding sequences on each
arm. In this study, the matter was resolved by first depositing DNA origami on a thermally
grown silicon dioxide surface and then exposing the surface to the Au NP solution to permit gold
particles to interact with the deposited DNA origami.
To achieve stable adsorption of the DNA origami on the oxide surface, the process
reported by Kershner et al. was followed.7 Specifically, a solution of DNA origami (0.67 nM),
containing sticky ends modified as shown in the bottom design of Figure 4.6B, was left on the
surface for 2 hr to allow magnesium ions to bind the negatively charged DNA structures to a
plasma cleaned, negatively charged silicon dioxide surface.
Figure 4.8C shows an AFM image of “T” DNA origami on a SiO2 surface prior to
seeding with Au NPs, and Figure 4.8D shows the DNA origami following Au NP attachment. It
is clear that the particles have attached to the top portion of the “T” origami as intended, since
the region not modified for Au NP attachment (marked with an arrow in Figure 4.8D) is clearly
seen. Comparison of Figure 4.8C and D shows that the shape of the “T” origami is well
conserved during the Au NP attachment process, since the top portion has consistent curvature
and length before and after attachment. The purpose of the attachment of Au NPs is to create
sites on the origami which can be further metallized to form a conductive segment or nanowire.
In order to obtain nanowires with the smallest possible dimensions, it is essential to have Au NPs
spaced as closely as possible in the desired region on the origami. Since AFM imaging cannot
resolve spacing between particles in this size range because of tip effects (Figure 4.9A),
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scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to
examine particle location and spacing, and to provide quantitative measurements of the size of
gaps between Au NPs.
SEM samples were prepared using surface seeding of “T” DNA origami on thermally
grown SiO2 surfaces as described above, and TEM samples were prepared by surface deposition
and seeding of the DNA origami on a 40 nm silicon monoxide film supported on a copper TEM
grid. SEM data (Figure 4.9B&C) show the average length of the seeded portion of the DNA
origami to be 195 nm. On average, there were 16 Au NPs attached to each DNA origami, and the
median center-to-center spacing was 11.7 nm. A mean Au NP diameter of 7.6 nm, found by
measuring particle sizes from high resolution TEM images, was used to estimate the
corresponding gap size between particles (see inset of Figure 4.9C). Thus, the estimated median
gap between Au NPs is 4.1 nm. However, often in one or more locations, there were larger gaps
between Au NPs (see Figure 4.9D).
Interestingly, the microscopy analysis has shown that the Au NPs generally line up in
single file along the DNA origami with a median center-to-center spacing (11.7 nm) that nearly
matches the sticky end spacing on each of the three double helices on the top portion of the “T”
origami (10.5-11 nm). This likely means that the Au NPs are attaching to sets of three sticky
ends, as indicated in the zoomed region of Figure 4.6C. When all Au NPs attached to the DNA
origami are considered, the ratio of total extended staple strands to Au NPs is 4.19. However,
when only the regions with no large gaps between Au NPs are considered, the ratio becomes
2.75. We can conclude that the Au NPs are generally attached to three sticky ends, although
some attachment of Au NPs to only two sticky ends also must occur.
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Figure 4.9. Seeded DNA origami. (A) Tapping mode AFM image of Au NP seeded DNA origami
(zoomed and adjusted height scale from Figure 4.8D; height scale 20 nm). (B–C) Examples of high
resolution SEM images used to determine the center-to-center spacing of Au NPs seeded on DNA
origami. The inset in (C) shows a bright field TEM image of an Au NP seeded DNA origami. (D)
Histogram of the gap sizes between particles on the seeded DNA origami. The inset in (D) corresponds to
the largest gap size in each of the measured DNA origami.
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Figure
shows

4.10

schematics

of

various ways in which the
Au NPs can bind to the
DNA

origami,

giving

small gaps between the
Au

NPs.

Here

it

is

assumed that Au NPs
bind to either 2 or 3
attachment sites (shown
as red dots). The length of
each attachment sequence
is ~ 3 nm. This allows
variability in the exact
position of the Au NP
along the axis. In Figure
4.10A the Au NPs are
each
Figure 4.10. Possible Au NP attachment positions along the DNA
origami. Schematics (A), (B), (C), and (D) show expected gap sizes of

bound

attachment

at

three

locations.

This would give a gap

3.5 nm, 1 nm, 9 nm, and 14.5 nm respectively. (E) Histogram of
measured gap sizes (excluding measured gap sizes larger than 16 nm).
Highlighted regions marked a-d correspond to expected peak positions

size between Au NPs of
3.5 nm. In Figure 4.10B
Au NPs are bound by

based on Au NP spacings from figures (A–D).
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either two or three attachment sequences. This could result in a gap of 1 nm between Au NPs.
The schematic in Figure 4.10C shows an unused attachment sequence (gap size of 9 nm). It is
possible that another Au NP can not attach to the unused attachment point because either the gap
is too small or the single attachment would not be stable. The schematic in Figure 4.10D shows
three unused attachment sites or an empty spot big enough for an Au NP to occupy. In this case
the gap between Au NPs is 14.5 nm. Comparing these lengths with the measured gap sizes (see
Figure 4.10E) shows peaks in the histogram that correlate with the expected spacings from the
suggested Au NP attachment positions from Figure 4.10A–B. However, peaks corresponding to
larger gap sizes (9 and 14.5 nm) appear to be shifted toward lower values (Figure 4.10C–D).
This could be due to bending or curving in the DNA origami causing the particles to be closer
than these suggested lengths.
These results show closer Au NP spacing than previously reported techniques. This may
be due to the use of a short polythymine (T8) strand to link the Au NPs to the DNA origami.
Because of the short persistence length of single-stranded DNA, the length of the T8 strand is ~2
nm in solution.54 Thus, the effective diameter of the particle is ~11.6 nm, similar to our median
center-to-center spacing. Additionally, the high density of available binding locations used
increases the probability that a Au NP will attach when it interacts with the DNA origami,
making it more likely that particles will attach with the minimum possible spacing.
Using DNA origami, I have demonstrated the ability to fabricate structures in a controlled
geometry with small feature sizes. approaching the limitations of current industrial
nanofabrication.55 This technology can be useful in the fabrication of nanodevices for many
applications. For example, in nanoelectronics, this technique could be used to fabricate separated
source, drain, and gate electrodes for transistors. In order to create geometries useful for
92

nanodevice fabrication, it is important to have the ability to design and control the location of
separate metallized regions in the DNA origami structure. Here I demonstrate that this is possible
using a “T” DNA origami. I have adjusted the design of the DNA origami so that the A10
extensions are only located on staple strands toward the ends of the top portion of the “T”, as
shown in Figure 4.11A. Seeding of this structure results in an ~100 nm gap between seeding
portions. AFM images of the unseeded and seeded structure are shown in Figure 4.11B, and
4.11C, respectively. A geometry such as this could be used and tailored for different gap sizes to
form a transistor if a semiconducting material, such as a semiconducting carbon nanotube, were
inserted between these seeded and then metallized regions.
I have also designed a DNA origami structure for site-specific metallization that can
serve as a template for a simple logic device. Each staple strand of the structure was extended on
the 3’ end with an A10 sequence with the exception of two gaps, as shown in Figure 4.11D. The
Au NP seeding steps described for the “T” DNA origami were repeated for this structure. AFM
images of the unseeded and seeded structure are shown in Figure 4.11E, and 4.11F,
respectively. As shown in Figure 4.11F, following seeding, structures have been formed
correctly; however, in some cases, leads appear to have flipped inward.
Process optimization would enhance the ability to create large numbers of successful
structures. Critical aspects of the fabrication process include the placement of the DNA origami
templates on surfaces and selective site-specific metallization of these templates. While the yield
of correctly folded origami is fair (~70%), fewer than 15% of the DNA origami deposit on the
surface in an open geometry with the four leads directed outward, similar to the structure shown
in Figure 4.11D. The remaining DNA origami appear to have twisted, buckled, or aggregated on
the surface during the deposition process, which limits the yield of potentially useful metallized
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structures after seeding and metal plating. To increase yield, the DNA origami deposition
procedure could be altered to increase the percentage that land in an open configuration, or the
structures could be attached through multiple chemically specific anchors to better maintain the
desired DNA origami shape and decrease aggregation.

Figure 4.11. Seeded DNA origami structures with programmed gaps in which a semiconducting material
could be deposited. (A) Schematic of the “T” structure where the red markings indicate the location of
staple strand A10 extensions for attachment. (B) Tapping mode AFM image of the “T” structure prior to
seeding. (C) Tapping mode AFM image of the seeded “T” structure where a gap is seen between seeded
regions. (D) The structure of the logic gate prototype DNA origami design, where the red markings show
the location of staple strand extensions for attachment. (E) Tapping mode AFM image of the DNA
origami prior to seeding. (F) Tapping mode AFM image of the seeded DNA origami. The scale bars are
100 nm.

Further increases in the yield of metallized structures may also be possible through
removing background Au NPs that adsorb to the surface and can lead to undesired metallization.
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It should be possible to reduce the background particle concentration by adjusting seeding
parameters and conditions. Alternatively, chemical attachment of the DNA origami structures to
the surface would allow for background reduction by employing more aggressive rinsing
techniques. Optimization of these processes and surface attachment will enhance the ability to
simultaneously generate very large numbers of successful structures as a basis for nanosystem
fabrication and assembly.
4.4

CONCLUSIONS

4.4.1 Surface Placement of DNA Origami
In conclusion, I have demonstrated the ability to align DNA origami to ~5 nm binding
sites through DNA base pairing onto BCP patterned Au nanosphere surfaces. Results showed
high attachment selectivity, where greater than 200 times more DNA origami were attached to
surfaces patterned with complementary ssDNA-SH. On these surfaces, up to 74% of the Au
nanospheres formed an attachment with a DNA origami rectangle. This is the first time BCP
patterning has been used to fabricate DNA origami attachment sites. Individual binding sites
fabricated with this method are at least an order of magnitude smaller than binding sites used
previously. Binding sites on this size scale are important to meet the alignment tolerance
requirements for nanoscale DNA origami surface patterning.
I have seen that the base pairing of DNA origami rectangles with patterned ssDNA-SH
surfaces results in a stable, highly selective attachment to the surface. As noted earlier, substrate
cleanliness is the most important parameter to control nonspecific DNA origami attachment on
SiO2 surfaces. Thus, surface cleanliness was maintained throughout each process step.
The chemically specific nature of the base-paired attachment may be useful to further
control the location or orientation of attached DNA origami. Any patterning method allowing
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discrete regions in a Au nanosphere array to each be modified with a unique ssDNA-SH
sequence would then allow location controlled attachment of multiple DNA origami shapes.
Further orientational control may also be possible if individual DNA origami have two or more
sticky end regions with different base sequences.
4.4.2 DNA Origami Seeding for Metallization
I have demonstrated a method that uses site-specific attachment of gold nanoparticles as
seeds to fabricate nanowires from DNA origami templates. An important aspect of the work is
the attachment of high densities of Au NPs onto branched DNA origami structures, with a
measured median gap size of 4.1 nm. These closely spaced Au NPs can serve effectively as seeds
for metallization to create continuous metallized segments or nanowires on origami templates,56
enabling future fabrication of a wide variety of nanodevices.
4.5
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CHAPTER 5: IMPROVING GOLD NANOPARTICLE SEEDING ON DNA
ORIGAMI
5.1

INTRODUCTION
Nanoparticle attachment to DNA origami can be a useful bottom-up self-assembly

process. DNA origami1 is a versatile, one-pot method of creating designed ~100 nm scale
nanostructured objects. It has been used to create complex two-2-4 and three-dimensional5-8
structures, as well as to organize other nanomaterials.9-18 DNA origami also allows for specific
positioning of nanoparticles, enabling increased control over alignment and spacing.
Nanoparticles that have been positioned by DNA origami include gold,19-28 silver,29 and quantum
dots.30-31 Positioned Au NPs could find use as seed particles for electroless metal deposition to
create nanowires; using DNA origami as a template would enable the formation of complex
nanowire shapes and junctions that would be difficult to assemble with other techniques. In
addition, Au NPs precisely positioned along DNA origami could be used to assemble
nanostructures for plasmonic nanolenses,20 rulers,27 or circuitry.28
Several groups have demonstrated Au NP attachment to DNA origami structures, either
through solution19-20,

24-25, 27-28

or surface seeding,23 or both.21-22,

26

In these reports, various

techniques and reaction conditions were reported, including different oligonucleotide attachment
lengths (8–30 bases), sizes of Au NPs (5–15 nm), hybridization times (0.3–24 hrs) and
temperatures (4–40 °C), and designed distances between the attached Au NPs. Some of these
groups used thiolated staple strands to conjugate the Au NPs,19,

22

while the rest used base-

pairing of thiolated oligonucleotide coated Au NPs to the DNA origami structures. The structures
reported by other groups were designed with specific and distinct attachment locations for each
Au NP. In my design from Chapter 4, each staple strand in the desired attachment area contains
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the same ending oligonucleotides for Au NP-DNA conjugates (all having the same
complementary sequence) to hybridize with. This allows for increased density of attachment
sequences (~6 nm apart) and increased probability that Au NPs will attach to the DNA origami
structure, but also raises the unique challenge that the Au NPs do not have a distinct set of staple
strands to which they are being tethered. Thus, Au NPs can attach by base-pairing with 2, 3, or
even 4 attachment sequences on the DNA origami structures (see Figure 4.6C inset). The Au
NPs can also attach in such a way that hybridization sequences on the DNA origami structures
are left unpaired or leave gaps too small to allow another Au NP to attach with sufficient room or
stability (see Figure 4.10C–D).
In Chapter 4, I showed that Au NPs could be selectively attached to desired portions of
DNA origami templates and used to create conductive nanowires. To create the thinnest wires
possible, it is desirable to attach Au NPs as closely as possible along the DNA origami templates.
Results from Section 4.3.2 show that the Au NPs attach to the “T” structures with a median
center-to-center distance of ~11.7 nm, yielding a median gap distance of ~4.1 nm. Taking into
consideration the diameter of the Au NPs (~7.6 nm, see Section 4.3.2) and the solution length of
the thiolated oligonucleotides, the Au NPs are expected to have an effective size of ~11.6 nm,
which is nearly identical to the measured median center-to-center distance, as well as the spacing
of the attachment sequences on the DNA origami structures (see Section 4.3.2). These results
indicate that the Au NPs are often packing closely along the DNA origami structures; however,
some gaps were also seen in the results. For each of the structures evaluated, there appeared to be
at least one larger gap whose distance ranged from 12–37 nm (see Figure 4.9D). Since the Au
NPs can attach closely in some places, it is desirable to optimize the Au NP attachment process
to completely eliminate the gaps if possible.
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Factors that can influence the yield of Au NP attachment to DNA origami include: the
number of staple strands per Au NP binding site, the length of the attachment sequence, the ratio
of Au NPs to DNA origami, the hybridization temperature, and the age of the Au NP solution.
Ding et al.20 reported a decrease in Au NP attachment with only two DNA attachment strands per
Au NP binding site when compared with three attachment strands. Hung et al.21 studied the
effect of the linker length, concentration ratio of Au NPs to DNA origami, and the hybridization
temperature. They found that 8-base polyT linkers in place of 30-base polyT linkers, increasing
the Au NP concentration relative to the DNA origami structures, and increasing the temperature
all allowed for higher attachment yields. The best Au NP attachment yields came from solution
seeding at 37 °C with T8 coated Au NPs. Kuzyk et al.25 reported optimized conditions for Au NP
attachment giving yields of 96–98%, with the caution to use the thiolated DNA-coated Au NPs
immediately after filtering to prevent unbound thiolated oligonucleotides from binding to the
DNA origami structures and reducing the Au NP attachment yield.
This chapter systematically explores the effect (on closely spaced Au NP attachment) of
hybridization time, magnesium ion concentration, concentration ratio of Au NPs to DNA
origami, and the age of the Au NP solution. In order to gauge which reaction conditions provided
better Au NP patterned DNA origami structures for future metallization into conductive wires,
three different parameters were measured: (1) the total number of Au NPs attached to DNA
origami structures, (2) the number of Au NPs in a single-file line along the structures, and (3) the
largest gap between neighboring Au NPs in each DNA origami structure. If the structures have
more Au NPs associated with them than are needed to form a single-file line or if there are large
gaps between Au NPs that would need to be filled with metal during plating to make the wire
continuous, wider nanowires would result, compared to ones formed through ideal Au NP
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attachment. These studies offer insights into the Au NP attachment process, detailing optimum
conditions for high-density alignment of Au NPs on DNA origami structures, which could enable
thinner, more continuous metal nanostructures.
5.2

EXPERIMENTAL

5.2.1 Materials
M13mp18 and streptavidin-coated magnetic beads were obtained from New England
Biolabs. DNA origami staple strands (100 µM in TE buffer) were purchased from Eurofins
MWG Operon. PCR primers were ordered from either Integrated DNA Technologies or Eurofins
MWG Operon and diluted to 1 µg/µL in water. Single stranded DNA thiol was purchased from
Eurofins MWG Operon with PAGE purification and diluted to 1 mM in water. PCR purification
kits were purchased from Qiagen. Taq DNA polymerase and PCR buffers were obtained from
Invitrogen. 30 kDa Amicon ultra 0.5 mL centrifugal filters were acquired from Millipore. Au
NPs (5 nm) were ordered from Ted Pella. BSPP (bis(p-sulfonatophenyl)-phenylphosphine
dihydrate dipotassium salt) was acquired from Strem Chemicals. Silicon (100) wafers (p-type)
with native oxide were purchased from Silicon Wafer Enterprises and p-type silicon (100) wafers
with a 200 nm oxide layer were obtained from MicroSil. Ultrapure, 18.3 MΩ water used for
experiments was produced by an EasyPure UV/UF water purification system.
5.2.2 Methods
Process Overview. I used the branched, “T” DNA origami structure with modified staple
strands for Au NP attachment along the entire top section of the “T”. Figure 5.1 shows the Au
NP attachment process. The “T” DNA origami structures were folded (Figure 5.1A), and then
filtered to remove excess staple strands. Concentrated, BSPP-coated Au NPs (5 nm) were reacted
with an excess of thiolated oligonucleotides (Figure 5.1B) and then filtered to remove excess
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unbound DNA. Next, the filtered DNA origami solution, with adjusted Mg2+ concentration, was
placed on freshly plasma cleaned silicon oxide surfaces (Figure 5.1C). The DNA origami
structures were allowed to absorb on the surface and then the Au NP-DNA solution was added to
allow hybridization with the “T” DNA origami structures. This Au NP attachment method is
different from the process used in Chapter 4, but allows good surface adherence of DNA
origami structures to the silicon oxide surfaces in significantly less time.

Figure 5.1. Overview of Au NP attachment process. (A) “T” DNA origami templates are assembled with
Au NP attachment sequences (red) along the top section. (B) Au NPs are reacted with thiolated
oligonucleotides. (C) DNA-coated Au NPs base pair with attachment sequences on the DNA origami
structures to form the DNA-templated Au NP nanostrings.

DNA Origami Scaffold Preparation. The scaffold for the “T” DNA origami structure
was prepared as reported in Section 2.2.2, except PCR was adjusted for use with Taq polymerase
instead of Pfx polymerase. Taq polymerase (2.5 units) was added to a solution containing
primers (0.5 µg each), M13mp18 template (20 ng), a mixture of dNTPs (200 µM), and 1x Taq
polymerase buffer in a 100 µL volume. The PCR program was modified to have an initial
denaturing step at 95 °C of only 30 sec and denaturing steps within the cycles of only 30 sec at
95 °C. The program was as follows: 95 °C for 30 sec, 30 cycles of 95 °C for 30 sec, 59 °C for 45
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sec, and 68 °C for 3 min, with a final extension at 68 °C for 5 min and a hold temperature of 4
°C. The PCR purification and streptavidin-coated magnetic bead separation steps were
performed as reported in Chapter 2.2.2. For the “T” DNA origami structure 20 µL of purified
PCR product was used and the samples were mixed with the beads for 30 min to allow them to
bind together. The product from bead separations was purified with spin columns (QIAquick
PCR purification kit).
DNA Origami Folding. Staple strands modified with 10 adenine nucleotides on the 3’
end were used for the entire top section of the “T” structure (67 modified staple strands total) as
described in Section 4.3.2. The DNA origami structures were folded with a 1:10 molar ratio of
scaffold strand to staple strands in 1x TAE-Mg2+ buffer with a final scaffold concentration of 5
nM and volume of 100 µL. The structures were folded as reported in Section 2.2.2, by
denaturing (95 ºC for 3 min) and slowly annealing from 95 ºC to 4 ºC in 90 min. The DNA
origami structures were then filtered to remove excess staple strands using 30 kDa Amicon ultra
0.5 mL centrifugal filters. Each DNA origami sample was filtered by spinning for 10 min at
13,000 rpm (14550 rcf), rinsed three times with 1x TAE-Mg2+ buffer (500 µL) by spinning for
10 min at 13,000 rpm (14550 rcf), and then recovered with a spin at 3,500 rpm (1055 rcf) for 3
min. The concentration of the solution was measured with a Nanodrop 1000 spectrophotometer
and then the solution was diluted to 1 nM in 1x TAE-100 mM Mg2+ buffer. For the [Mg2+] tests
the DNA origami was diluted and adjusted to be in 1x TAE buffer with either 40, 70, 100, or 130
mM Mg2+.
Au NP Preparation. The Au NPs were prepared either as reported in Section 4.2.3 or
with larger volumes as follows: 20 mL of Au NPs (83 nM) were mixed with 10 mg of BSPP and
shaken overnight. Solid NaCl was added until the color changed to brown and NaCl became
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harder to mix in. The solution was spun to pellet the Au NPs for 30 min at 3660 rpm (~1600 rcf)
with a ss-34 rotor in a Sorvall RC 5C Plus Superspeed centrifuge and with an Eppendorf 5418
centrifuge for 10 min and 5 min at 5,000 rpm (2150 rcf) to help the Au NPs settle better. The
solution was split into several smaller 1.5 mL centrifuge tubes for the 5,000 rpm step. The
supernatant was removed and the Au NPs were combined and resuspended in an aqueous BSPP
solution (500 µL, 2.5 mM). Methanol was added (500 µL), the solution was mixed, and then
centrifuged for 30 min at 5,000 rpm with an Eppendorf 5418 centrifuge. The supernatant was
removed and the Au NPs were resuspended with BSPP solution (400 µL, 2.5 mM). Methanol
was again added (400 µL), the solution was mixed, and then centrifuged for 40 min at 5,000 rpm.
The supernatant was removed and the AuNPs were resuspended with BSPP solution (400 µL,
2.5 mM). The concentration of the Au NPs was measured at 520 nm (using 12.05 µM-1cm-1 for
the extinction coefficient)32 using a Nanodrop 1000 spectrophotometer.
Au NP-DNA Preparation. The Au NP-DNA congugates were prepared as reported in
Section 4.2.3. The solution containing the 1:200 ratio of Au NPs to thiolated DNA was allowed
to react for at least 60 hrs. The Au NP-DNA conjugates were filtered with 30 kDa Amicon ultra
0.5 mL centrifugal filters. Each sample was filtered by spinning for 10 min at 13,000 rpm (14550
rcf), rinsed three times with 0.5x TBE buffer by spinning for 10 min at 13,000 rpm, and then
recovered with a spin at 3,500 rpm (1055 rcf) for 3 min. The concentration of the Au NP-DNA
conjugates was measured at 520 nm and the solutions were diluted to the desired concentrations
(5, 10, 25, and 50 nM) with water.
Attachment of Au NP-DNA Conjugates to DNA Origami Structures. Sample
hybridization was performed following the process reported by Pilo-Pais et al.23 using freshly
washed and plasma cleaned (1 min, 18 W, with a Harrick Plasma Cleaner) silicon wafer pieces
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with either a native oxide surface or a 200 nm thermal oxide layer; thermal oxide surfaces were
used for the 10 and 20 min hybridization time samples. First, the “T” DNA origami (5 µL, 1 nM)
was deposited on the silicon dioxide surfaces for 5 min in a humid chamber at room temperature,
followed by addition of Au NP-DNA solution (20 µL, 10 nM; for tests varying Au NP
concentrations, 5, 10, 25, or 50 nM was used). After the designated time period, the silicon
pieces with the DNA and Au NPs were dipped into a Petri dish with water for 10 sec and dried
with a stream of compressed air.
AFM/SEM Imaging. Samples were imaged in air using tapping mode on a Digital
Instruments Nanoscope IIIa MultiMode AFM (Veeco) with silicon force modulation AFM tips
(AppNano FORTA probes, 1.6 N/m, 61 kHz). Samples were imaged with an FEI Helios Nanolab
600 SEM using ultra high resolution, immersion mode.
5.3

RESULTS AND DISSCUSION

5.3.1 Imaging Data and Analysis Procedures
An AFM image is shown in Figure 5.2A of the “T” DNA origami structures before Au
NP attachment and an SEM image is shown in Figure 5.2B of the Au NP seeded DNA origami
structures. Because the DNA origami structures were designed for the Au NPs to attach only
along the top section of the “T” structure, they appear as linear Au NP strings in the SEM
images.
SEM images were used to analyze the Au NPs in the attachment studies. The Au NPs in
the images were counted visually and recorded as a total number of Au NPs associated with a
nanostring. Additionally, the number of Au NPs in a line along the DNA origami structure was
measured. This latter measurement was somewhat more difficult, because the nanostrings are
flexible and are not always aligned on the surface. To account for nanostring curvature, the Au
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NPs did not need to be in a straight line, but were counted following a single-file path through
the nanostring (i.e., Figure
5.2C–D). If Au NPs appeared
to be attached two or more
wide in places, any extras were
left out of the single-file count.
Representative examples of the
Au NP in-a-line counts are
shown in Figure 5.2C–D. For
each of the samples prepared
under different conditions, 30
Figure 5.2. Analyzing Au NP attachment to DNA origami. (A)
AFM image of “T” DNA origami structures. (B) SEM image of

nanostructures were evaluated.
To measure the largest center-

Au NP seeded DNA structures. (C–D) Examples of SEM data for

to-center

determining the number of nanoparticles in a line for seeded

neighboring Au NPs in each of

structures. (E) Example of SEM data for largest gap

the DNA origami structures the

determination using Image J. (F) Cross-section plot of the line

program Image J was utilized.

drawn in (E). Scale bars in (A–B) are 200 nm and scale bars in

The scale in pixels/nm for each

(C–E) are 100 nm.

distance

between

image was set using the scale

bar within the SEM image and then a cross section of the two Au NPs was taken to determine the
center-to-center distance (Figure 5.2E–F). The data were adjusted to Au NP spacing distances
by subtracting the average Au NP diameter (7.6 nm).26
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5.3.2 Au NP Attachment Studies
Initial tests using the Au NP attachment process described in Section 5.2.2 were
performed to give starting volumes and concentrations for the DNA origami (5 µL, 1 nM) and
Au NPs (20 µL, 10 nM). These volumes and concentrations ensured good coverage of the
surface and a ratio of 40:1 Au NPs to DNA origami structures. If the Au NPs attach to the DNA
origami structures at three positions per Au NP, then ~22 Au NPs are expected to attach to the
top portion of the “T” structure, such that a ~1.8 fold excess of Au NPs was utilized in most of
the test studies.
Table 5.1. Data for different hybridization times.
NP Density:
Time (min)

1
2

Largest Gap: (nm)

NPs in a line Total NPs

Min

Q11 Median

Q32

Max

10

12 ± 4

13 ± 5

9

38

54

60

98

20

12 ± 2

13 ± 2

29

37

47

61

69

30

16 ± 3

16 ± 3

16

28

34

40

53

60

17 ± 3

19 ± 4

14

23

28

37

63

90

24 ± 2

29 ± 4

6

12

15

18

35

150

24 ± 3

31 ± 6

5

11

14

17

36

210

26 ± 3

36 ± 7

5

8

11

12

21

th

Q1 = 25 percentile, or middle value between min and median.
Q3 = 75th percentile, or middle value between median and max.

To evaluate the effect of hybridization time on Au NP attachment, the Au NP solution
was allowed to react with the DNA origami coated surfaces for times ranging from 10 to 210
min. Table 5.1 and Figure 5.3 show the results. For nanoparticle density, hybridization times
less than 30 min are insufficient for the desired number of Au NPs to attach, while hybridization
times of 90 min or longer show an increasing difference between total NPs and NPs in a line.
This separation indicates that the nanostructures are becoming wider than single-file with longer
hybridization times.
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The

10

hybridization

and

20

samples

min
were

deposited on silicon pieces with a
200 nm thermal oxide layer. In
these samples (and sometimes
faintly

on

the

native

oxide

surfaces) the DNA can be seen as a
darker color, from surface charging
in the SEM (Figure 5.4). In
general, the surfaces with the 200
nm thermal oxide were not used
for the Au NP attachment tests
because focusing the SEM was
more difficult, but for those two
short hybridization samples it was
helpful in counting Au NPs to be
able to see where the DNA
structures were located. DNA has
also been observed in SEM images
20

reported by others.

Figure 5.3. Au NP attachment results for different
hybridization times. (A) Graph of the average number of Au
NPs attached along a line (purple triangles) and the average
total number of Au NPs per nanostring (blue squares). (B)
Box and whisker plot of the largest gap between neighboring
Au NPs in each string. Thirty nanostrings were evaluated for
each hybridization time.

Other than

being able to see the DNA in the SEM images, no other differences were observed in using
native vs. thermally grown silicon oxide surfaces to deposit the DNA origami and Au NPs.
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The largest gap data for
the various hybridization times
is shown in Figure 5.3B as a
box and whisker plot. As
expected,

with

increasing

hybridization time the average
Figure 5.4. SEM images of Au NP-DNA origami structures on

largest

silicon surfaces with a 200 nm oxide layer. (A) Sample

neighboring Au NPs becomes

hybridized for 10 min. (B) Sample hybridized for 20 min. DNA

smaller and has a smaller

structures are marked by white circles. Scale bars are 200 nm.

gap

between

spread. As shown in Figure 4.6

in Section 4.3.2, if each Au NP is attaching to the DNA origami through three attachment
sequences, the center-to-center spacing of the Au NPs is expected to be ~11 nm with an average
distance of 4 nm between edges of neighboring Au NPs. The smallest observed maximum gap
size of 5 nm (at 150 and 210 min) indicates that it is possible to place Au NPs along a
nanostructure close to this ~4 nm minimum distance between Au NPs. A hybridization time of
90 min appears to be the optimum condition for Au NP density and reduction of gap size.
In the next study, the Mg2+ concentrations in the DNA origami solutions and the
hybridization times were varied. Magnesium ions are important in the formation of DNA origami
structures, because they screen the negative charges on the backbone in DNA, allowing the
strands to approach closely enough to hybridize. In this work, Mg2+ ions also play a role in
helping the DNA origami structures adhere to the silicon oxide surface. For the previous
hybridization time study, the DNA origami was adjusted, after filtering, to contain the desired
DNA concentration and 100 mM Mg2+. In the case of the DNA-coated Au NPs, however, extra
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Mg2+ from the DNA origami solution could cause the Au NPs to aggregate when deposited on
the surface, making less Au NPs available for attachment to DNA origami structures or
potentially attaching to the DNA origami as clusters or aggregates.
Table 5.2. Data for different Mg2+ concentrations and hybridization times.
NP Density:
[Mg2+]

Time (min)

40 mM

10

16 ± 3

30
70 mM

100 mM

130 mM

Largest Gap: (nm)

NPs in a line Total NPs

Min

Q1

Median

Q3

Max

18 ± 5

12

24

32

45

58

19 ± 3

25 ± 6

6

13

17

24

51

90

23 ± 2

28 ± 4

6

11

14

17

29

10

21 ± 2

23 ± 4

7

14

20

25

39

30

22 ± 2

25 ± 5

7

15

17

20

51

90

22 ± 2

25 ± 4

7

11

14

16

31

10

21 ± 3

24 ± 5

10

17

25

33

41

30

22 ± 2

25 ± 4

9

14

18

22

36

90

25 ± 2

33 ± 5

7

10

12

16

22

10

21 ± 3

23 ± 4

10

21

23

27

45

30

22 ± 3

25 ± 4

15

19

23

32

50

90

23 ± 2

26 ± 4

10

11

15

17

26

The results for varying Mg2+ concentrations and hybridization times are shown in Table
5.2 and Figure 5.5. As before, more Au NPs attached to the DNA structures with longer
hybridization times. The concentration of Mg2+ ions in solution has a small effect at lower Mg2+
concentrations, with the 10 min hybridized, 40 mM Mg2+ solution having, on average, fewer
nanoparticles attaching to the DNA origami than 10 min hybridized samples with higher Mg2+
concentrations. DNA origami solutions with less than 40 mM Mg2+ were also utilized, but the
DNA origami did not adhere to the surface well enough to be evaluated. Some aggregation of Au
NPs was observed in the form of clusters of Au NPs on the surfaces. These clusters appear larger
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and more frequently on the samples with higher Mg2+ concentrations and longer hybridization
times (Figure 5.6). The best conditions from this study appear to be 70–100 mM Mg2+
concentrations and 30–90 min hybridization times.

Figure 5.5. Au NP attachment results with different hybridization times and magnesium concentrations.
Purple triangles represent the average number of Au NPs along a line. Blue squares represent the average
total number of Au NPs per nanostring. Orange and green rectangles are a box and whisker plot of the
largest gap between neighboring Au NPs in each nanostring. Thirty nanostrings were counted for each
hybridization time and magnesium concentration.

One surprise is that the 10 and 30 min hybridization time samples in this study on
average had more Au NPs attached and smaller gap sizes than in the more extensive time study
described in Table 5.1 and Figure 5.3. The reason for this is not entirely known, although it may
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involve variability in the DNA
origami sample or the freshness
of the Au NP solution, which
will be discussed later.
I also studied changing
the ratio of Au NPs to DNA
origami; the DNA origami
concentration

was

held

constant, at 0.2 nM after
addition of Au NPs, and the
concentration of the Au NPs
was

varied

with

final

concentrations of 4, 8, 20, and
40 nM. For 22 Au NPs
attaching to each DNA origami

Figure 5.6. Aggregation of Au NPs with increasing Mg2+
concentration and hybridization time. Mg2+ concentrations and
hybridization times for the samples were: (A) 40 mM and 10 min,
(B) 70 mM and 30 min, (C) 100 mM and 90 min, and (D) 130
mM and 90 min. Scale bars are 5 µm.

structure, these concentrations
lead to ratios of 0.9:1, 1.8:1, 4.5:1, and 9.1:1 Au NPs per attachment location on the DNA
origami structures. Table 5.3 and Figure 5.7 show the data for Au NP density and gap size. All
four samples had a hybridization time of 60 min, approximately the optimum for other
experiments. The effect of changing the concentration of Au NPs was not as strong as changing
other conditions, but there does appear to be a gradual increase in the number of Au NPs
attaching to the DNA origami and a slight decrease in gap sizes with higher Au NP to attachment
site ratios.
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Table 5.3. Data for various Au NP concentrations.
NP Density:
[Au NP] (nM)

1

Largest Gap: (nm)

NPs: attachment location

NPs in a line

Total NPs

Min

Q1

Median

Q3

Max

4

0.9:1

17 ± 2

19 ± 3

16

25

31

35

57

8

1.8:1

19 ± 2

22 ± 3

5

17

22

30

43

20

4.5:1

21 ± 2

23 ± 4

12

20

23

28

36

40

9.1:1

22 ± 4

25 ± 5

11

16

20

27

69

1

Concentration of Au NPs after addition with DNA origami solution. DNA origami was held at
the same concentration for all samples (0.2 nM after Au NP addition).

One

very

noticeable

difference was the amount of
loose, unattached Au NPs on the
surfaces with increasing Au NP
concentration (Figure 5.8). This
increase in Au NPs on the
background is undesirable for
subsequent metal deposition, as
the background Au NPs will also
enlarge during the metallization
process.
Figure 5.7. Au NP attachment results with varying Au NP
concentrations. Purple triangles represent the average number
of Au NPs along a line. Blue squares represent the average
total number of Au NPs per nanostring. Orange and green
rectangles are a box and whisker plot of the largest gap
between neighboring nanoparticles in each string. Thirty
nanostrings were counted for each Au NP concentration.
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Increasing

the

concentration of Au NPs could
help increase the yield of Au NP
attachment without affecting the
background if the DNA origami
structures were seeded with the
Au NPs in solution instead of after

being deposited on a surface.
Then the excess Au NPs could
be

removed

before

the

structures are deposited on a
surface. Alternatively, if the
DNA origami structures were
otherwise

Figure 5.8. Background Au NP deposition with increasing Au

strongly attached to the surface

NP concentration. SEM images of samples with (A) 4 nM and (B)

then more rigorous rinsing

40 nM Au NPs. Scale bars are 500 nm.

covalently,

or

techniques could be used to remove the excess, unbound Au NPs.
Another factor that has a great influence on the number of Au NPs attaching to the DNA
origami structures is the age of the DNA-coated Au NP solution, or more specifically, the time
between when the excess unbound thiolated DNA strands are removed through filtration and
when the Au NP attachment to DNA origami occurs. For the experiments in Chapter 4, the
DNA-coated Au NP solution was prepared and stored at 4 °C until needed for the experiments.
Each time the solution was exhausted, more was prepared. However, recently Kuzyk et al.25
described the necessity of filtering the Au NP solution immediately before use to remove DNA
strands with oxidized thiols that have unbound from the Au NPs over time. This prevents these
free DNA strands from pairing with the attachment sequences on the DNA origami structures,
thereby hindering the Au NPs from attaching. Thus, I compared samples made with the same
hybridization times and solution concentrations, but different ages of the filtered Au NP solution.
The Au NP age data from samples prepared with a 1.8:1 ratio of Au NPs to DNA origami
attachment locations, 100 mM Mg2+ in the DNA origami solution, and 60 min hybridization
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times are shown in Table 5.4 and Figure 5.9. The total number of Au NPs attached to the DNA
origami structures was closer to the number of Au NPs attaching single-file in structures seeded
with fresh (≤ 1 day) Au NP solutions than for older solutions, indicating that freshly prepared Au
NPs yield less aggregation in seeded structures. However, the DNA origami structures seeded
with Au NPs the soonest after filtration of the Au NP solution do not have as many Au NPs
attaching as possible in a single-file arrangement. Adjustment of sample preparation conditions,
such as using a longer hybridization time, could address this issue.
Table 5.4. Data for Au NP solutions filtered at various times before use.
NP Density:

Largest Gap: (nm)

NP solution

1
2

age (days)

NPs in a line

Total NPs

Min

Q1

Median

Q3

Max

<11

17 ± 3

19 ± 4

14

23

28

37

63

<12

19 ± 2

22 ± 3

5

17

22

30

43

1

22 ± 2

24 ± 3

8

14

17

20

32

66

23 ± 2

28 ± 4

7

12

15

19

29

89

22 ± 2

31 ± 5

4

10

13

17

21

About 5 hrs.
About 7 hrs.

There is also a trend toward decreasing largest gap sizes with increasing age of the Au
NP solution, which is the opposite of what would be expected if newly released DNA strands
from the Au NPs were blocking the attachment sites on the DNA origami structures. However,
smaller gaps are expected for structures with more Au NPs attached, so the trend toward more
aggregated Au NP seeded DNA structures may be overwhelming any effects from blocked
attachment sites. The Au NPs may also be aggregating in solution over time and this aggregation
could be affecting the total number of Au NPs found along a DNA origami structure.
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It is interesting to note
that

the

structures

DNA
seeded

origami
with

the

freshest DNA-coated Au NPs
did not show the best results in
terms of the number of Au NPs
attaching and the largest gap
per DNA origami structure.
The samples prepared one day
after the filtration are closer to
Figure 5.9. Au NP attachment results with Au NP solutions of

the desired structures with ~22

different ages. Purple triangles represent the average number of

Au NPs per DNA origami

Au NPs along a line. Blue squares represent the average total

structure. As noted earlier, the

number of Au NPs per nanostring. Orange and green rectangles

time between filtering the Au

are a box and whisker plot of the largest gap between neighboring

NPs and seeding the DNA

Au NPs in each nanostring. Thirty nanostrings were counted for
each solution age.

origami structures could be
responsible for variations in the

data from different studies. The Au NP solution for the Mg2+/hybridization time study was 5
days old, whereas the Au NP solutions for the hybridization time study and varying
concentration ratios study were used in the same day they were filtered.
Taking all the variations from the different studies into consideration, Figure 5.10 shows
SEM images of some of the best looking Au NP strings. There is a range of conditions that give
similar Au NP attachment results. Hybridization times ranging from 30–90 min, Mg2+
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concentrations of 70–100 mM, and Au NP to DNA origami ratios from 1.8–4.5 to Au NPs per
DNA origami attachment location produce the least aggregated nanostrucutres with the smallest
gaps. There are still small gaps in even the best looking structures, and variability within
samples, indicating that further improvement is still possible.
One reason there may
still be gaps within the Au NP
seeded structures under my
optimized conditions could be
from

all

the

attachment

sequences being the same. If
two

different

attachment

Au

NP

sequences

were

used and alternated (in groups
of three) along the top section
of the “T” DNA origami
structure, then the Au NPs
could be directed to specific
Figure 5.10. SEM images of some of the best Au NP attachment
results. The conditions for each sample are as follows: 0.2 nM
“T” DNA origami, with (A) 8 nM Au NPs and 100 mM Mg

2+

in

the DNA solution, with a 30 min hybridization time; (B) 8 nM Au
NPs and 70 mM Mg2+ in the DNA solution, with a 90 min
hybridization time; (C) 8 nM Au NPs and 100 mM Mg2+ in the
DNA solution, with a 90 min hybridization time; (D) 20 nM Au
NPs and 100 mM Mg2+ in the DNA solution, with a 60 min
hybridization time. Scale bars are 200 nm.
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attachment locations along the
DNA structure (Figure 5.11).
This

could

eliminate

gaps

arising from Au NPs randomly
attaching along the structure,
leaving gaps that are too small

for another Au NP to fit into or
potentially binding with more
than three sequences. Some
gaps within the structures in
Figure 5.10 still appear large

Figure 5.11. Attachment sequence pattern with two different

enough for another Au NP to

staple strand extension sequences. Blue and red circles indicate

fit into. There may be free

locations where the attachment sequences extend from the staple

DNA strands that are paired
with the DNA structure and
blocking those locations.
5.4

strands. If two or more different sequences (red vs. blue) were
used and alternated in groups of three, the Au NPs could be
directed to specific attachment locations along the “T” DNA
origami structures.

CONCLUSIONS
In summary, I have varied experimental parameters and evaluated SEM images to

determine the best conditions for densely attaching Au NPs to the top section of a “T” DNA
origami structure in a single-file line. Conditions, including the hybridization time, concentration
of Mg2+ in the DNA solutions, the ratio of Au NPs to DNA origami, and the freshness of the Au
NP solution were varied to determine their effects on Au NP attachment. Parameters that were
measured included the number of Au NPs attaching per DNA origami structure, the number of
Au NPs attaching single-file along the nanostructures, and the largest gap between neighboring
Au NPs in the DNA origami templated Au NP structures.
Reducing the number of excess Au NPs attaching to the DNA origami structures, while
also decreasing the distance between the Au NPs will both contribute to thinner and more
continuous metallized nanowires. The best conditions were between 70–100 mM Mg2+ in the
DNA origami solutions, ratios from 1.8–4.5 Au NPs per attachment location on the DNA
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origami structures, and hybridization times ranging from 30–90 min. Assembling DNA
templated Au NP structures which allow for even thinner final nanowires may be possible
through the use of multiple attachment sequences to place the Au NPs more precisely, the use of
smaller Au NPs, or through surface attachment with more rigorous rinsing techniques.
5.5
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK
6.1

CONCLUSIONS

6.1.1 DNA Origami Templates
The technique of DNA origami is a powerful tool in designing two- and threedimensional DNA structures. I have demonstrated that this technique, in combination with a
PCR-based scaffold strand generation procedure, can be used to assemble branched, wire-like
structures in addition to the mostly filled-in structures demonstrated by others.1-2 My folded
DNA origami structures include shapes that look like nano letters: “I”, “T”/“Y”, “U”/“C”, “B”,
and “L”, as well as more complex protoype circuit template structures. I have designed various
junctions in DNA structures that range from 2–6 helices wide, including: asymmetric, square,
axisymmetric, and corners. A thin, 2 X 2 helix corner structure was designed, demonstrating the
ability to create asymmetric junctions in three-dimensional structures. Curved regions have also
been designed either by raster filling the helices, like in the circular circuit structure, or by
designing straight sections with enough flexibility and the proper length to fit into place, as in the
“B” DNA origami structure. These thin DNA origami structures demonstrate the flexibility to
design and potential to assemble complex asymmetric templates needed for bottom-up assembly
of nanodevices.
6.1.2 Surface Placement
Simple surface arrangement has been achieved through placement of small rectangular
DNA origami structures between patterned Au nanospheres on silicon surfaces. These ~5 nm
nanospheres were created though a block copolymer micelle directed gold deposition process
and demonstrated the ability to localize nanospheres with 65 nm periodicity. The nanospheres
were coated with thiolated oligonucleotides that base-paired with sticky ends on the DNA
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origami structures. The DNA origami attachment showed high selectivity and up to 74% of the
Au nanospheres contained an attachment with a DNA structure. This work demonstrates
important progress in controlling the placement of DNA origami structures on surfaces.
6.1.3 Selective Gold Nanoparticle Attachment
Thiolated, oligonucleotide-coated gold nanoparticles (~5 nm) were specifically attached
to select portions of DNA origami structures as seeds for electroless metal deposition. These
seeding and metal deposition processes allowed formation of 33 ± 7 nm width conductive
nanowires. The Au NPs attached to branched DNA origami structures with a median center-tocenter spacing of 11.7 nm, giving a median gap size of 4.1 nm. Some structures also contained
larger gaps of up to 37 nm between Au NPs. The median spacing and gap distances between Au
NPs indicate that the final metal nanowires could be as thin as ~12 nm.
In order to improve the Au NP attachment to DNA origami structures to minimize gaps
while still maintaining single-file attachment of Au NPs, several experimental parameters were
explored and optimized. These parameters included the hybridization time given for the DNAcoated Au NPs to base pair with the DNA origami structures, the concentration of Mg2+ ions in
the DNA origami solution, the ratio of Au NPs to DNA origami, and the age of the DNA-coated
Au NP solution. The results showed the best single-file Au NP attachment with the smallest
gaps, for a range of conditions: 30–90 min hybridization times, 70–100 mM Mg2+ in the DNA
origami solutions, Au NP to DNA origami attachment location ratios from 1.8–4.5, and one to a
few days old DNA-coated Au NP solutions. This Au NP attachment process allows for closely
spaced Au NPs and selective positioning along a template, which in combination with metal
deposition on these Au NP seeds, would enable the formation of controlled, branched, and
complex nanowires.
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6.2

FUTURE WORK

6.2.1 Surface Placement and Orientation
Further patterning of surfaces will be necessary to gain greater control of orientation and
attachment position. A recent paper3 demonstrates the ability to use lithographic patterning in
combination with block copolymer self-assembly to create more complex and specific palladium
nanosphere surface patterns, including nanosphere clusters and pairs, and single or double lines
of nanospheres. This patterning technique in combination with the surface attachment process
utilized in Chapter 4 could provide the surface control needed for assembling DNA templated
circuit structures.
6.2.2 Thinner Diameter Metal Nanowires
The goal behind optimizing Au NP attachment to DNA origami templates to have singlefile Au NP attachment and minimized gap distances in Chapter 5 was to enable the formation of
smoother and thinner diameter conductive nanowires after electroless plating. This could be
confirmed by performing electroless gold plating on the best Au NP structures, followed by
conductivity tests to see if thinner diameter, conductive wires are indeed possible with the
optimized Au NP attachment. If more improvement in Au NP attachment is needed to allow for
thinner and smoother nanowires, additional improvements could be possible through the use of
multiple Au NP attachment sequences as explained in Section 5.3.2 and/or through the use of
smaller diameter Au NPs as seeds.
6.2.3 Integration of Semiconducting Material for Transistors
To complete the nanoscale circuit assembly process, it is also crucial to integrate
semiconducting material into the designed metal gaps on the DNA origami templates to provide
transistor functionality. The interfacing of semiconducting material to the DNA origami
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templates could be accomplished in various ways, including directed attachment of a
semiconductor or placement of semiconducting carbon nanotubes (CNTs) in the correct locations
on the DNA origami templates. One way a semiconductor could be introduced into the gaps
within the metallized DNA structures would be through selective deposition of two different
metals and galvanic displacement of one to form a metal to semiconductor junction.4 To position
semiconducting CNTs, DNA oligonucleotides could be used to wrap and solubilize the CNTs,5
as well as to base pair with the DNA origami templates.6 In support of this idea, I have
performed some initial studies to test the ability to attach CNTs to my DNA structures through a
DNA wrapping technique.
6.3

CARBON NANOTUBE INITIAL STUDIES

6.3.1 Experimental Approach
For my initial studies, I used a different method for attaching the CNTs than the one used
by Maune et al.6 The key aspect of my process is the replacement of sodium cholate (SC) around
surfactant suspended CNTs, with oligonucleotides extending from the DNA structures during
CNT attachment. I used a CNT powder enriched in (7,6) semiconducting CNTs (0.9 ± 0.3 nm in
diameter). Figure 6.1 shows the design of the circular circuit and “T” DNA origami structures
and the location of the modified staple strands. I designed the modified staple strands to have the
CNT wrapping sequence (with a 5 base spacer, ACGAA) on the 3’ end, choosing staple strands
positioned in 2 neighboring rows within the two designed gaps from Section 4.3.2 (see Figure
4.11D and Figure 6.1A) on the circular circuit structure and on all the staple strands within the
gap region on the “T” DNA origami structure (see Figure 4.11A and Figure 6.1B). The CNT
wrapping sequence used was GTTGTTGTTG and was chosen from sequences that showed an
affinity for (7,6) CNTs7 (see Figure 6.1C). For the circular circuit structure, 26 staple strands in
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the two gap regions were modified for CNT attachment and used in combination with the
adenine modified staple strands for Au NP attachment. For the “T” structure with a gap, 39
adenine modified staple strands were used for Au NP attachment in addition to the 28 staple
strands within the gap region with the 5 base spacer and CNT wrapping sequence. The staple
strand sequences can be found in Appendix B.

Figure 6.1. DNA design for CNT wrapping. (A) Schematic of the “T” structure where blue dots indicate
the location of staple strands modified for CNT attachment and red dots indicate the location of staple
strand adenine extensions for Au NP attachment. (B) Schematic of the circular circuit structure where
blue dots indicate the location of staple strands modified for CNT attachment and red dots indicate the
location of staple strand adenine extensions for Au NP attachment. (C) Staple strand modifications for
CNT attachment. Extra nucleotides for the spacer (green) and the CNT wrapping sequence (blue) were
added to the 3’ end of the staple strand sequences (orange).

The CNTs were first suspended in a 1% SC solution through sonication and centrifuged
to remove insoluble pieces and CNT bundles. Then, to remove excess SC, the CNT solution was
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dialyzed with a 3.5 kDa MWCO membrane. The DNA origami structures were folded and
filtered to remove excess staple strands as described in Section 5.2.2. Then, the same surface
attachment process for Au NP attachment from Section 5.2.2, was utilized to attach the
suspended CNTs to the DNA origami structures. DNA origami was deposited on oxidized silicon
wafer pieces followed by the dialyzed CNT solution (10 µL for the circular circuit sample and 20
µL for the “T” sample). After 1–3 hrs, the silicon pieces with the DNA and CNTs were dipped in
water and dried. AFM imaging of samples was done as before in Section 5.2.2.
6.3.2 Results
The folded, modified “T” and circular circuit DNA origami structures are shown in
Figure 6.2A–B. Figure 6.2C–D show AFM images after the CNT attachment process on the
circular circuit structure. The CNTs appear to be connecting to the DNA origami structures,
making these initial results very promising. It is difficult to tell from the preliminary results if the
CNTs are attaching at the correct locations, and it is possible that the same CNT or CNT bundle
is attached to both sides of individual circular circuit structures. The CNTs in these initial
experiments are also longer than needed to span the gaps. CNT attachment to the “T” DNA
structure was attempted with more dilute DNA origami (1 nM instead of ~5 nM) and CNTs
sonicated for a longer time (240 min vs. 90 min) to break them into smaller lengths (Figure
6.2E–F). The CNTs in these images are about the same diameter as the “T” shape, but can be
identified by their length and straightness. Further imaging using SEM or TEM could provide
additional confirmation.
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Figure 6.2. CNT attachment to DNA origami structures. (A) AFM image on mica of circular circuit DNA
origami structures modified with CNT wrapping sequences. (B) AFM image on mica of the “T” DNA
origami structures modified with CNT wrapping sequences. (C–D) AFM images on silicon oxide surfaces
of circular circuit DNA structures with attached CNTs. (E–F) AFM images on silicon oxide surfaces of
“T” DNA structures with attached CNTs. Red arrows point to selected CNTs. All scale bars are 200 nm.

6.3.3 Challenges
Although I saw some CNTs bound to the DNA origami structures, the yields could be
improved. Additionally, I more commonly saw bundles of CNTs (Figure 6.3A) instead of
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individually dispersed CNTs. Initial experimental results show that this could be resolved by
centrifuging at a higher speed to separate bundles from individual CNTs (Figure 6.3B).

Figure 6.3. SC suspended CNTs before dialysis. (A) AFM image of CNTs sonicated for 90 min, used
with the circular circuit DNA origami structures. (B) AFM image of CNTs centrifuged at a higher speed.
(C) AFM image of CNTs sonicated for 240 min, used with the “T” DNA origami structures. Scale bars
are 500 nm.

The CNTs used in the initial studies were too long for the DNA origami structures.
Longer sonication times can break the CNTs into smaller segments, but will give a wider range
of lengths (Figure 6.3C). Size exclusion chromatography is another option that has been used to
separate DNA-wrapped CNTs by length.8-9 Other groups have demonstrated a similar length
separation technique for surfactant wrapped carbon nanotubes.10-12
Lastly, it is challenging to work with dispersed CNTs. The CNTs settle out of solution
over time and work best when they are freshly prepared. In addition, the dialyzed CNTs can be
unstable in solution, sometimes settling out of solution before it is possible to do DNA wrapping.
A systematic study of sonication, centrifugation, and dialysis parameters would likely enhance
the repeatability of these experiments.
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6.4

OUTLOOK
A final challenge will be to combine surface orientation and attachment, Au NP seeding

and metallization to form conductive nanowires, and the integration of semiconducting
components like carbon nanotubes, to assemble an entire circuit structure and test its
performance. The design and assembly of open, wire-like DNA origami structures, along with
the ability to specifically attach these DNA templates to block copolymer patterned gold
nanosphere surfaces, could enable the formation and placement of complex templates with
various junctions necessary for circuit motifs. In addition, the ability to site-specifically bind Au
NPs densely to these DNA structures could allow for smaller diameter conductive nanowires
with the ability to incorporate other functionalities within the same template. These important
advancements in DNA templated fabrication provide a large step toward enabling self-assembly
of nanodevices. With my results and those of others, it may not be long before a complex circuit
structure, built from the bottom up and compatible with current semiconductor technologies, is
assembled.
DNA-templated fabrication of electronic nanodevices has a very promising future with
many potential uses. These nanostructures could be used to assemble high-density nanoscale
electronic circuits,13 allowing for increased complexity and speed in electronic devices. Another
application could be in plasmonic circuits14 in which optical signals increase performance in
interconnects and data transfer. Additionally, Au NP placement along DNA templates for
building plasmonic polymers could lead to advances in sensing and energy harvesting.15 As we
discover and learn more about how DNA can be programmed and utilized as a nanoscale
building block, the field of possible applications will continue to grow.
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APPENDIX A: DNA ORIGAMI DESIGN DETAILS
Lambda and M13mp18 Rectangles

Figure A.1. Design of DNA origami rectangle structures. (A) BYU Ascent DNA Folding Tool report
page, showing the sequences and parameters for the M13mp18 rectangle structure. (B) Drawing of the
DNA origami rectangle showing the location of staple strands. Each ball in the strands represents a
nucleotide base and the scaffold strand is green.

These two structures were designed using an Excel-based Visual Basic program called
BYU Ascent DNA Folding Tool. Figure A.1A shows the report page for the M13mp18
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rectangle shape. The staple strands are located in the same positions relative to the scaffold
strand for both the Lambda and M13mp18 rectangles. Figure A.1B shows a drawing of the
location of the staple strands in the designs.
T Design

Figure A.2. Design of DNA origami “T” structure. (A) The 74 nm arm. (B) The 240 nm arm. The
nucleotides in red are the scaffold strand and the nucleotides in blue and green are the staple strands.

This structure was designed in two pieces in the SARSE program. The top 240 nm
section of the “T” shape is the first piece and the 74 nm base for the “T” is the second piece.
Figure A.2 shows the two pieces designed in SARSE for the “T” shape, including the nucleotide
sequence of the scaffold and staple strands. This structure was designed in two pieces because
the SARSE program only allows horizontal positioning of the DNA helices. The program raster
fills the scaffold strand into the desired shape based on the bitmap image provided by the user. In
the case of the “T” DNA origami structure, it was simple to design rectangle shaped bitmap
images of the desired thickness and widths for the two individual parts of the “T” shape. When
the scaffold strand nucleotide sequence was inserted into the design, it was carefully spliced and
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chosen, so the appropriate parts
would end up in the correct
places for the design as a whole
(see Figure A.3). For example,
on the 240 nm arm, there is a
linear staple strand along the
top, in the middle, containing
no crossovers that was not
ordered. This staple strand (and
scaffold paired to it) is in the
location where the 74 nm arm
connects and is simply a
placeholder in the design and
does not exist in the real
structure.

The

Figure A.3. Design of the scaffold sequence for the “T” structure
to enter into the SARSE DNA origami design program. The
scaffold sequence was carefully spliced and organized to enable
the assembly of the final structure from two separate design
pieces.

scaffold

sequence before and after that staple strand, come from different portions of the M13mp18
scaffold, the two sections right before and right after the scaffold used in the 74 nm arm piece.
U Design
Figure A.4 shows the design of the “U” structure. This structure was designed in three
pieces in the BYU Ascent DNA Folding Tool program. In the two locations where the arms
connect to the base, there is a linear staple strand (contains no crossovers) in the BYU program
design. The BYU program automatically chose the staple strands to be in those locations, so I
strategically designed and spliced the scaffold sequence to include the proper sequence before
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and after those two staple strands so the structure would fold as desired (see Figure A.5). The
actual sequences (a string of thymines and a string of adenines) for those two staple strands are
just a placeholder and do not exist in the real structure.

Figure A.4. Design of DNA origami “U” structures. (A) BYU Ascent DNA Folding Tool report page,
showing the sequences and parameters for the base of the “U”. The red sequences are the placeholder
staple strands. (B) DNA Folding Tool report page for the left arm, showing the sequences and (C) DNA
Folding Tool report page for the right arm, showing the sequences. On each of the three parts of the “U”
design there were a couple of staple strands that were very short (orange). It is undesirable to have
extremely short staple strands, so those sequences were combined with their neighboring strands (green).
(D) Drawing of the base section of the “U” structure showing the location of staple strands. (E) Drawing
of the arm section of the “U” structure showing the location of staple strands. The staple strands are
located in the same positions relative to the scaffold strand (green) for both arms.
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Figure A.5. Design of the scaffold sequence for the “U” structure to enter into the SARSE DNA origami
design program. The scaffold sequence was carefully spliced and organized to enable the assembly of the
final structure from three separate design pieces.

B Design
The backbone of the “B” structure was designed in the SARSE program (so the
appropriate attachment positions and scaffold folding could be designed) and the curved portions
were designed in three parts in the BYU Ascent DNA Folding Tool program. Figure A.6 shows
how the four pieces fit together to make the “B” structure. The three pieces designed with the
BYU Ascent DNA Folding tool are only two helices wide and were all designed as straight
pieces. The flexibility of the structures and the correct splicing of the scaffold sequence in the
design allow the thin DNA origami sections to bow out into the curved portions of the “B”
shape. There are three placeholder sequences along the backbone of the “B” where the branches
connect to the backbone, similar to the way the “U” and “T” structures were designed.
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Figure A.6. Design of the DNA origami “B” structures. (A) The scaffold sequence was carefully spliced
and organized to enable the assembly of the final structure from four separate design pieces, from two
different design programs. (B) Drawing of the pieces that make up the curved portion of the “B” structure
showing the location of staple strands. The green strand represents the scaffold strand in all three pieces
and the other colors represent the staple strands. (C) Design of the backbone of the “B” structure showing
the staple strand crossover positions. Vertical dark gray lines are scaffold crossover locations. The
scaffold was designed to continue from piece to piece as shown in the schematic in (A).

Rectangle Half Circuit Design
This structure is a dimer with two identical halves. Each half was designed as three pieces
in the SARSE program. The half circuit structure was divided into three arms: the 159 nm
linking arm, the 210 nm base arm, and the 75 nm lead arm. The 210 nm base arm forms the side
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of the rectangle where the 75 nm lead arm connects. The 159 nm linking arm contains the
portion of the structure where the two rectangle half circuit dimers are linked together. To ensure
that the arms from the two dimers would link properly (and so the structure could be designed in
fewer separate sections) they were designed in one piece (see Figure A.7). However, the
scaffold strand imported in the program was such that the 159 nm section is actually two separate
arms in the rectangle half circuit structures. Each piece designed in the SARSE program appears
twice in the complete box circuit structure design (see Figure A.8).

Figure A.7. Schematic of the scaffold trace of the rectangular half circuit. The full rectangular structure is
formed when two identical halves are linked together. The red boxes show the sections of the structure
designed in the SARSE program. The box on the top is the 159 nm linking section. Even though it was
designed as the entire top section, the scaffold sequence imported into the design enables that section to
be two different arms in the actual DNA structure (the black scaffold trace). The box on the side is the
210 nm base section, and the small section is the 75 nm lead.
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Figure A.8. Design of DNA origami rectangle half circuit structure. (A) The 159 nm linking arm. (B) The
210 nm base arm. (C) The 74 nm lead arm. The red lines are the scaffold strand and the blue and green
lines are the staple strands. Dark gray lines indicate scaffold crossover locations.

Corner Design
The corner structure was designed in CaDNAno (square-base program). Structures can
only be drawn with horizontal helices like the SARSE program, but there is more flexibility in
how the parallel helices are connected together and the program is easier to use. The corner
structure was designed flat (Figure A.9A) with the corner designed by extending the outer
helices further than the inside ones. There are two locations where staple strands cross from
helices on one side of the corner to the other side. Figure A.9B shows the corner on the first
design and Figure A.9C shows the corner on the redesign that folded better. Figure A.9A shows
the staple strand locations for the entire structure.
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Figure A.9. Design of DNA origami corner. (A) The scaffold and staple strands for the entire redesigned
corner structure. The blue arrows indicate the two staple strands that bridge from one side of the corner to
the other. (B) The corner scaffold and staple strands for the first corner design. (C) The corner scaffold
and staple strands for the redesign.

Three-dimensional Corner Design
The three-dimensional structure was designed in a similar way to the two-dimensional
corner above, using CaDNAno (Square-base program). Figure A.10 shows the design.

Figure A.10. Design of the three-dimensional DNA origami corner, including the location of the staple
strands.
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Circular Circuit Structure and Modifications (Logic Gate Prototype)

Figure A.11. Design of the circular circuit or logic gate prototype DNA origami structure. (A) The
original structure, including the location of the staple strands. (B) The modified structure, including the
location of the staple strands. This structure was modified for selective nanoparticle attachment.

This structure was also designed in CaDNAno (square-base program). Figure A.11A
shows the entire structure, including staple strand locations, in CaDNAno. The structure was
originally designed like a normal DNA origami structure and then was later modified to contain
staple strands with extensions for location selective nanoparticle attachment (see Chapter 4) and
carbon nanotube attachment (Chapter 6). When the structure was modified many of the staple
strands were rearranged so the ends of the staple strands containing the extra nucleotides would
all be protruding from the same face of the DNA origami, instead of the strands coming out from
the back and the front. This necessitated ordering the longer attachment staple strands as well as
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some of the staple strands without the extra nucleotides. Figure A.11B shows the entire modified
circular circuit structure.
Long Bar Design
This structure was also designed in CaDNAno (square-base program). The staple strands
were ordered with the extra nucleotides on the end needed for attachment. On one half of the
design, staple strands (110 of them) were modified with a sequence of 10 adenine nucleotides
and on the other half of the bar the staple strands (117 of them) were modified with the sequence
GTGCGTGT on the end. Figure A.12 shows the design with staple strands.

Figure A.12. Design of the long bar DNA origami structure.

Figure A.13 shows the twist predicted in the long bar structure by the finite-element
based, three-dimensional solution DNA origami modeling program called Cando (available at
http://cando-dna-origami.org).

Figure A.13. Three different views of the long bar structure with root-mean-square thermal fluctuations
indicated in color. The red areas have higher flexibility and the blue areas have lower flexibility.
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APPENDIX B: SCAFFOLD AND STAPLE STRAND SEQUENCES
(All sequences are given 5’ to 3’)
Lambda Rectangle
Scaffold: Lambda phage DNA, bases 2868–3623, 756 base pairs long
PCR Primers:
GGTGCTGACACGGAAGAAAC
[BioTEG]ATCATCAGCAGATTGTTCTTTATTC
Staple sequences:
TTTTATTCTGAACTAATTCCGTGTCAGCACC
TCATAACGTCCGGTTTCAACGTCACAACGTCTC
TTCACATCGTGTTAGTTTACTGAGAGCAT
TTTGATAATTCATTACTAAAAACGATAACACCGTG
TAAATTCTCAAGAACGATGGGTTACAA
TGCTAAAGCAGGAGTTTTCACACGCATCTTATAGAAA
GTGAAAACATTCCTAATATTTGATAGGTTGAAATCAAGAGAA
CGTCCTATGACATAAA
TTGAAACGATAAGGTTGTAAATGT
TTAATAAAAGGACTTAAAAAAAACGATAATGCAAACTACG
GGCTCAGGTTGCACAGATAATA
ACATTATATTTACTATCTAGCCCATTTTTAAAGAAATATTCG
ATCATCAGCAGATTGTTTAGACTGTGAATTG
ATCAAGTGCGAAAAGATTCTTTATTCATTTTGT
AAAATATTACTTCAAAAGGTTTTACCAAT
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CGCCCTCGTATCACATGGATCTTTCTGTATGAAGA
GTTGTATTTCCCTCAGGTCAGACCAGA
TCATCAACAAAACACAAGGCAGAATGCCAGCAGGACC
CGCTCCATGCGCTTGCTCTTCATCTAGCGGTT
TTTGAGCACGTTGGCCTTACATACATCTGTCG
GCACTTTGTTACGCAACCAATACTATTAA
ATCACATTTCAGCAATACAGGGAAAATCT
ATATCCATGAACATAAAAGATATTACTATACC
TCAGAACACTACACAAATCTTTCCACGCTAAA
M13mp18 Rectangle
Scaffold: M13mp18, bases 5870–6625, 756 base pairs long
PCR Primers:
CCACCATCAAACAGGATTTTCGCC
[BioTEG]TTCTCCGTGGGAACAAACGGC
Staple sequences:
GGTACCGAGCTCGAATCCTGTTTGATGGTGG
CCCCAGCAGGCGAAAATTCGTAATCATGGTCAT
ACAATTCCACACAACCCGCCTGGCCCTGA
ACAGCTGATTGCCCTTCAATACGAGCCGGAAGCAT
GCTAACTCACATTATATTGGGCGCCAG
CGGGGAGAGGCGGTTTGCGATTGCGTTGCGCTCACTG
TTCAGGCTGCGCAACTGTTGGCCAGTCGGGAAACCTGTCGTG
CCCGCTTTGAAGGGCG
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TGGCGAAAGGGGCCTAATGAGTGA
AAAGTGTAAAGCCTGGGGTGGATGTGCTGCAAGGCGATTA
ACGTTGTAAAAGTTATCCGCTC
AGCTGTTTCCTGTGTGAAATTCGACGGCCAGTGCCAAGCTTG
TTCTCCGTGGGAACAATCTAGAGGATCCCCG
CATGCCTGCAGGTCGACACGGCGGATTGACCGT
CATCGTAACCGTGCATTTTCCCAGTCACG
AGTTGGGTAACGCCAGGGTCTGCCAGTTTGAGGGG
CTCCAGCCAGCTTTCTATTACGCCAGC
ATCGGTGCGGGCCTCTTCGCCGGCACCGCTTCTGGTG
AATGGGATAGGTCACGTTGGTGTAGATGGGCG
ACGACGACAGTATCGGCCTCAGGAAGATCGCA
CCGGAAACCAGGCAAAGCGCCATTCGCCA
CCAGCTGCATTAATGAATCGGCCAACGCG
GGTGGTTTTTCTTTTCACCAGTGAGACGGGCA
GAGAGTTGCAGCAAGCGGTCCACGCTGGTTTG
T Design
Scaffold: M13mp18, bases 5734–1442, 2958 base pairs long
PCR Primers:
CTGATAGACGGTTTTTCGCCC
[BioTEG]CATAACCGATATATTCGGTCGC
Staple sequences:
GCATCAATTCTACTAATA
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GGTAGAAAGTCTATCAG
TACCACATACGTGGACTCCAACGTCAAAGGGC
CAAAAGGATCCAGTTTGGAACAAGAGTCCACT
ACTATCATAAAGAATAGCCCGAGATAGGGTTG
AAAAACCAGTTCCGAAATCGGCAAAATCCCTT
GAAGTTTTGCCCCAGCAGGCGAAAATCCTGTT
TTTAGACTAGAGAGTTGCAGCAAGCGGTCCAC
CGTCATAAAACAGCTGATTGCCCTTCACCGCC
GCTTTAAAGGGTGGTTTTTCTTTTCACCAGTG
TAAATCAAGCGGGGAGAGGCGGTTTGCGTATT
TATAGTCACGTGCCAGCTGCATTAATGAATCG
TCGCGTTTGCCGGAGAGGGTAGCTATTTTTGA
GACCGGAATGATATTCAACCGTTCTAGCTGAT
GAGAGTACAAAGGCCGGAGACAGTCAAATCAC
GGTCATTTGTAATGTGTAGGTAAAGATTCAAA
GCTGAATAGAACCCTCATATATTTTAAATGCA
AAATATGCCCTTTATTTCAACGCAAGGATAAA
TTCATTCCATTATGACCCTGTAATACTTTTGC
GCGAACGAGAGCATAAAGCTAAATCGGTTGTA
ACATTTCGAAGAATTAGCAAAATTAAGCAATA
TATATTTTATTAACATCCAATAAATCATACAG
GGAACAACATTATTACA
AAGAAAAATCTACGTTAATAAAACTTTAGGAA
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AACTGGCTCATTATACCAGTCAGGCATAACGC
AATCATTGTGAATTACCTTATGCGAGAGCAAC
AATTGGGCTTGAGATGGTTTAATTACGACGAT
TGCCCTGACGAGAAACACCAGAACTTGCAAAA
GTAACAAAGCTGCTCATTCAGTGAGTAAAATG
ACAAGAACCGGATATTCATTACCCTGCGGAAT
AGGCTGGCTGACCTTCATCAAGAGCCTCAAAT
GGACAGATGAACGGTGTACAGACCAATGACCA
ATAAGGGAACCGAACTGACCAACTCTGACTAT
ACTTAGCCGGAACGAGGCGCAGACCATCAAAA
ATTGTGTCGAAATCCGCGACCTGCTTCAAATA
GTACAACGGAGATTTGTATCATCGGCGAACCA
ACCCCCAGCGATTATACCAAGCGCCAGGATTA
GGCAAAAGAATACACTAAAACACTTGATAAGA
CCACTACGAAGGCACCAACCTAAAGCTTAATT
AAGTTTCCATTAAACGGGTAAAATCATGTTTT
AGGCTTTGAGGACTAAAGACTTTTCTGGAAGT
CAGCATCGGAACGAGGGTAGCAACCCAATTCT
TTTGCGGGATCGTCACCCTCAGCACATTAGAT
TCGCTGAGGCTTGCAGGGAGTTAATGTTTAGC
CATAACCGATTGAAAAGGTG
GAAAAACCGATTCATCAGTTGAGAGAACTAAC
ATTAAAGATCAACTAATGCAGATAACGTTGGG
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AGTGTTGTATTACGAGGCATAGTAATTTTAAG
ATAAATCAAACCCTCGTTTACCAGTCAACTTT
TGATGGTGAAATAGCGAGAGGCTTGAGTAGTA
GCTGGTTTGCCAGAGGGGGTAATAATAAGGCT
TGGCCCTGGGATAGCGTCCAATACAAATCAAC
AGACGGGCATATTCATTGAATCCCTAATCTTG
GGGCGCCACAGTTCAGAAAACGAGAGGCGCAT
GCCAACGCAAATCAGGTCTTTACCTTGAAAGA
AAACCTGTGAAGCAAAGCGGATTGGGTCAATC
AAATTAATTAATTCGAGCTTCAAACCTGATAA
CATCAATAGCAAACTCCAACAGGTGAAACAAA
AGGGTGAGCTTTAATTGCTCCTTTCATCTTTG
ATGCCTGATTGCGGATGGCTTAGAACGAAAGA
AATTTTTATAATGCTGTAGCTCAAACGTAATG
GGGAGAAGAACTAAAGTACGGTGTTCATGAGG
CCAAAAACATATAACAGTTGATTCGGCTACAG
AAGCCTCAGTAGATTTAGTTTGACGCGAAAGA
GCAAGGCACAAATGGTCAATAACCAGGCCGCT
GTAGTAGCCATTTGGGGCGCGAGCATATTCGG
AGATTAAGAGGAAGCCCGAAAGACTCCATGTT
AGATCGCACCAGTCGGG
TTCTGGTGACATTAATTGCGTTGCGCTCACTG
CGCCATTCAAGCCTGGGGTGCCTAATGAGTGA
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CGATCGGTACACAACATACGAGCCGGAAGCAT
GCTGGCGACCTGTGTGAAATTGTTATCCGCTC
TAAGTTGGGCTCGAATTCGTAATCATGGTCAT
CGACGTTGCAGGTCGACTCTAGAGGATCCCCG
GAGATCTAGCCTCAGGA
AGAGTCTGTCTGCCAGTTTGAGGGGGCACCGC
GGTAATCGGTTGGTGTAGATGGGCGCGCCATT
TACCCCGGAACGGCGGATTGACCGGGGAAGGG
ACAGGAAGAGTAACAACCCGTCGGTTACGCCA
GTAAACGTTAGCCAGCTTTCATCAAAGGCGAT
AAATTTTTCCATCAAAAATAATTCCCCAGTCA
CCAAGCTTGCATGCCTGTAAAACGACGGCCAGTG
CCCGCTTTCTCCAGCCAGCTTTCCGACGACGA
GCTAACTCCCGGAAACCAGGCAAAGCATCGTA
AAAGTGTAAGGCTGCGCAACTGTTTAATGGGA
ACAATTCCGCGGGCCTCTTCGCTAATTCTCCG
AGCTGTTTAAGGGGGATGTGCTGCACATTAAA
GGTACCGAGTAACGCCAGGGTTTTGCGTCTGG
TTTAACCAATAGGAACGGTTAAATCAGCTCATTT
CAGTATCGCAAAGGCTATCAGGTCATTGCCTG
ACCGTGCAGAGCAAACAAGAGAATCGATGAAC
TAGGTCACTAAAACTAGCATGTCAATCATATG
TGGGAACATTGATAATCAGAAAAGCCCCAAAA
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TGTGAGCGATTGTATAAGCAAATATTTAAATT
CCTTCCTGTAATATTTTGTTAAAATTCGCATT
U Design
Scaffold: Lambda phage DNA, bases 37501–41340, 3840 base pairs long
PCR Primers:
TCAACCTCAAGCCAGAATGC
[BioTEG]CGCGTCTGAATATCCTTTGG
Staple sequences:
TAAGCTGCGGTTGCGTTTCTGGCTTGAGGTTGA
GCCAGTGATTCTGCATCCTGAATGGTTACTA
TGTACTGCGTGAATAGAGGTAACTTTGTAAT
TCATTGCACCGTTTGACCGTTTTGCTGATGTGC
TGACTTCCCTCTCCCGCCTTGCTGCTTGA
ATTTGGTCCAAACATGCCCCAAATAAAAAGGCCTG
ATGTAGATGGTCATGGATTTTCCCTCG
TTTTATCCCTCGTTTTAGGCTTTTAACTCCATATACC
GGCGACACTCCTTAAAACTTCCCTGGTAG
ATCTTTCCTTCCCGTTACCAGGTTCGTGCTC
CCACTTAACGCCACGCTCTGTCCCGTTTCATCGCGGCACTCT
GCCAATAACCGAAT
GCCTACACGCATCCATTAGCTCAGTA
CGATTACCAGCAGGCCTGTTTGCTGGTTGACTGGCCTA
ACAACATCCTGCTTAGTTTTTTCA
159

TGGAGATCGAATTTCAAAGGTGCTTTAATGCTGCGGTAAA
GACCATGCCATTGAAGGATTTGC
CGATTGGTTTGGTTGGGTCTGCAACCTGACGAGAGACGTCA
CGCGTCTGAATATCCTTTCTTCCTGTTTTGGTC
CCTAAGCAGGCCCATAGGGTTCCCATACCGT
TATCAACCTGCAATACGTGCATCCAGCCAGC
CACACACTTCCAGCTTTCGTGAGCGGTATATCC
TGTCATTGGATGTTCAGGCAAGGTTAGGA
TTACCACAAAGCCATTCCCCAACCTGTATCCATGA
TTTTGCTCCATTAGCCTCCGCAAATTC
GCCTGTATAAGCTCTAATAGCAGAGCAAATATGCTGA
TCATGCAGCCCTGTTCTCGCTTCGTCTGA
TTCCACTCCAGAGCCAGCTCCCCATCTCGCT
ATAACCATTTGGCTGTCCAAGCTCCGGGTTGA
CAGAACTTCACAACTTCCCTGACAAACCGATA
AAACGTAATGCACGTCTTTACCTGCCCGTCGC
CGTCCTGCCACCGGAGAAACTAACGACATTTA
TTTTGAGGGATGCACCATTCTGAGATGTTTTT
TAATATTCATTCTGACGAGTTCTAACTTGGCT
TGTTACTCGGGAAGGAGCACAACCAAAAAA
ATGCGGAGAGATGGGTAGCTTTACCTCTTCCGCA
AATCTTTCGGCCTGCAGGCAGGGATGTT
CCTGTTTTTTCTCATGTTCATGAATGGCCTTGTTGA

160

GTCTTGGTTTGCCGAAGCGGTTAGTA
AGAAATCTACGAGATGTATCAAAGCGCATTGCATAATC
CTTAGTACATGCATTCTCAAAGTT
ACGCCGCATTGCTTGCAAAAAACCATTATCACCGCCAGAG
TTATCCCTTGCGTTGGTGCTTT
ATGGGGATGGGGCAGTCAGGCGGTGATAGATTTAACGTATGA
GAGCAGCTTGAGGACGAAAAATGAAC
AATTTATGAAAAAAAGCACGTCGCCTTAAAGC
CATTCAAGAACAGCAAGCAAAAAGAAACCATTAACACAA
GCACAAGCATTGA
TGATCTGCGACTTATCACGGTGTTAGATAT
GTAAAATAGTCAACACGCAACGCCCACAGCTTCC
GTTAAGCAACGCATCCATACAACCTC
TTTCAGGGTTATGCGTTGTCTCTCGATTCGTAGAGCCT
TATTTCCTTAGAAGATCTTTAGCT
TCGCGCTTTGATATACGCCGTAACAATTGATTGAATGTAT
AATTTGATGCCATAGTTAAAAA
TAAACGCTTCCATCAGCGTTTCTTTTTCAGGGCTGGAATGTG
CTCGCTAAGTTGAGATATGCTGTTGTTTTTT
TAAGAGCGGGGTTATTATCGGTGATTCTGTCCA
ATGGCAAGCAGCACCCATAGGTGTGGTTT
GCAAATAAATGCATACATTTAAACTGTCGCTTGGT
TATTTGATAGTCTGAACCATATGTAAG

161

CGTTGCGTTTGTTTGCACGGCGTAACCATCATCGAGA
ACCTCTGCCGAAGCATTGCGATTTT
GCTGTCTTCTCAGTTCCAAGTTGAGTATTTTTGCTGTAT
AATGACCTCAGATCTTCCACCTGC
GAACTTTGGAATCCAGTCCCACTCCATCTGGATTTGTTCA
GGTGAGAATCCGTCGTCAACGACCCCC
CCAATCGAGCCATGTGCAGCAACTTGTCGCG
TTGGTTTATTCCACCCATAGGTTTTACGCAGA
CAGATCTGCGCCCGAATAAGCCTCAAGCAGCA
TCTGCCACATTACGCTCCTGTCCGGCAAAGTT
TTGTCATAATGACTCCTGTTGATAGATCCAGT
GAACGCTCGGTTGCCGCCGGGCGTTTTTTATT
TTGGCTTATCCCAGGAATCTGTCGCAGACAAG
ATTTAATGGCATCAATGCATTAAATGCTTATA
AGCGTTGAAGAATTTAGCCCTTCAATCGCCAG
TGCAGCCGTCACTTAGAAGTGAGTATGAGTAC
CTCACCTGAGCTTAGAACCTTTACCAAAGGTG
CTTCGTTCTGGTCACCCAATTTGAGGGATG
TGAGGGATAGCAATCCCGGTTAGCCAGGCTCGCC
GTTGATGATCTGCGCTTTTCTTTTTTCT
AATTCTCTGACGAATAATCTACCTGCTGTACCTGCG
GCGATCCGACGCATCACCACAGAAAG
TGAATTGCAGCATCCGGTTTCTGCTCACGGTCAAAGTT

162

CACCCCGTAAATCTGCGGCGGTCA
CACCATGTCAAACATCCACTCCAGTCTGTGTTTGTCAGGT
TGTTGCTTGTTACCCAGCAAAA
TCAGGCGGATATCGTTAGCCCACGGTTGATTTCGAGTTGGGT
TCAGCACGTTACCGGAGCACACACAT
CATGCCCAGCGGAACACCAGAAGTTGTCCTGG
ATTGGCCCGCATGTTCTGAATCGCGGAGTTTGGCCGGGC
CCACTTTACAGGT
CACGGATAAGACTCCGCTGTCACGCCTGCC
CGAGTTTTGGTTTGCTGGCATCCGGATACAGGCC
CCAGCTCGCTGACTTTTTCATAGATC
AACCATCTGTGCGGCGATGGTTTGGCAGTCCGGCGGTA
CTGCCCGGGTGAGGCATGTTGTTG
GCTTTTCGTCGTACTGTTCCTGGCAGAAATGGTCGATTCT
TGTTCCATCGTCTGAACACACC
GGGAAAGTTGCCAGTAACTGGGGTGATCCCGTTTTCCCGAAA
CAAACCGGTAATACACGACGGATTTCGTTCA
AGCCAGAACCCACTGGCCGTTCGCCAGACCTTA
TTTAGCCGCGGCCTATTCCTGCGTTAACC
GCCGACGGGCTACGCGCGATTTATGCTGGTTACTG
CAGAAGCTATTATCACCATGCAACAAA
ACGGATGCTTCTTCCCGGGCGTCCCCAGGTAATGAAT
TTTCAGTCCGAATAAACCATATCAA

163

TCGCTTCCGGCAATACTCGCTTAGCTTTGATTTCTGCGA
CTACCGCCCATGGCGTTTGATTTC
TGGTAACCAGCCAGTAGTGCACAGGAAGTTGTTTTACTGG
CAGTCATATGTCCGCATCAGTTCAGCA
GCCTTACGGCGTAATGACAAGCTCATCTGCG
CCTTCGATAACCAGAAGACCTGCCCGTGCCAT
TTGCGCCTGTTAGCGCGGCAACGTCCGGCGCA
AATTGCCTCTTTGCCCGTCATACACTTGCTCC
TCTTCGCCAGAGCCTGTGCACGATTTAGAGGT
TTCAGGGATCGCCTCACCACGGTTAATTCTCG
GTCGCGGTGGTTACGTCCGTCACGTTCACGCA
TTCGGTTTTCTGGCTGATGGTGCGATAGTCTT
GGTCTTCTGCTGTCCCCCACTTGCTGCCGCTC
GTCGTTTTCTGGCTGGTCAGAGGATTCGCCAG
TTTGTAATAGTGTCTTTTGTGTCCCCCTGTTT
B Design
Scaffold: Lambda phage DNA, bases 37501–42308, 4808 base pairs long
PCR Primers:
TCAACCTCAAGCCAGAATGC
[BioTEG]CGACGCTTTCTTGTTCG
Staple sequences:
AAGATATCTGATTCCAGGCTTCCCCCACTTGCTGCCGCTCTG
TCTTCTGCTGTTGGCTTTAGCC
164

GTGGTGTAATTCCCTCGCCCGATGGTGCGATAGTCTTCA
CGGTTTTCTGGCTGAAATGGTCATC
GCTTCGGTTCATCAGCTCTGATGCCAATCCAC
ACAGTATTTGGTGAAGGGAACGAGTTTTAAGCGGATATCGTTAGCCCACCCAGCAA
AATT
CCATGTCAAACATCCACTCTGCGGCGGTCAGG
TCGCATCATGCAGAACCTTTAC
GGGATGTTCTCACCTGAGCTTAGCTTCCCTCCCGAAGTCGAA
CAGAACAAGAGCCGGTATCGCCGTCACTTAGAAGTGAGT
GGTTAGTATGCAGAATCTTTTAGCT
ATTTTCTGAATACATTTTCGGAAGAATTTAGCCCTTCA
TCAAAGTTAGCGTTCGATACCGTCCA
GGCGTTTCCCGATGTCCGTGGCATCAATGCATTAAA
GGTGCTTTATTTAATCACGCACATGGGA
ATCCCTCCTCATCTTTGCTCCCAGGAATCTGTCG
AAATGAACTTGGCTTAAGGCAAGTCCGATT
GTTACCGAGATGTTCCGCAGCTTGAGGACGCA
AACCATTAACACAAGAGGTATTTGCAAATCGA
TCCTTCTCAAAGTCTGATTTATCCCTTGCG
ACGGTGTTAGATACAGTTCAGC
ATCAAGCTGCCCTCCAAATATTTCGCATGACT
CGTACCATGTCCTGATACAGGGCTTGATAATC
GCGACATTCTTCCTCGGTACATAATCTCCTTT

165

TCCCGTGATGACCTCATTAAAAACACGCTGCA
TTTTGCGTTGATTTTTTAATGCAGAATATGCA
ATGGTTGTTGCTTCCACCATGCGAGGATATCT
GTGATAGATTTAACGTATGAGCACAAAAAAGA
CGTCGCCTTAAAGCAATTTATGAAAAAAAGAA
CAGACAAGATGGGGATGGGGCAGTCAGGCGTT
TGCTTATAACGCCGCATTGCTTGCAAAAATTC
ATCGCCAGAGAAATCTACGAGATGTATGAAGC
ATGAGTACCCTGTTTTTTCTCATGTTCAGGCA
AATTGCAGCATAGTCAACACGC
TATCACCGCCAGAGGTAAAATCCGGTTTCACCACAGAAAGGT
TTCTCTGACGAATAATCTTTCTTTCAGGGTTATGCGTTG
CGCATTGCATAATTCTTTTTTCTTT
AGGGATAGCAATCCCCCAATTCGCGCTTTGATATACGC
AATGGCCTTGTTGATTGAGGGATGTT
TTGAGGGATGCACCATTCTAAACGCTTCCATCAGCG
TTACCTCTTCCGCATGAGATGTTTTTAT
ATATTCATTCTGACGAGTAGAGCGGGGTTATTTA
AGGGCTGGAATGTGTATCTAACTTGGCTTC
CGCTAAGTTGAGAATCGAATAAATGCATACAC
TTGATTGAATGTATGCAGTGATTCTGTCCATT
GGCAAGCAGCACTTTAGCGTTTGTTTGCAC
TAGAGCCTCGTTAACTGTCGCT

166

CGTTTTCTGGCTGGTCAGAGGATTCGCCAGAA
TGTAATAGTGTCTTTTGTGTCCCCCTGTTTTG
TTATCCCTCGTTTTAGGGGATTTTCCCTCGTT
TTGGTCCAAACATGCCGCCTTGCTGCTTGATA
ATTGCACCGTTTGACAGGTAACTTTGTAATCT
GGTTTATTCCACCCATAGGTTTTACGCAGAAT
GAACCATATGTAAGTATTTCCTTAGATAACAA
CATAGGTGTGGTTTAATTTGATGCCCTTTTTC
TGCTGTTGTTTTTTTGTTACTCGGGAAGGGCT
TTTATAGTTAAAAAAATCTTTCGGCCTGCATG
CGAGATCTTTAGCTGTCTTGGTTTGCCCAAAG
TTCCATACAACCTCCTTAGTACATGCAACCAT
TTATCAACGCCCACAGCTTCCGCTGTCTT
GATTTTGGGCCAGTGATTCTGCATTCTGGCTTGAGGTTGA
GACGTCTTATGCGGAGAGATGGGTAAGCACAA
GCCGTGTACGATAACA
TTTTGGGAGGAAGCGGTTATCTTCTTTGCATT
GTTTCGTTACACCATCGATTCCAGTAAGGTTG
ATTATGTCAACACCCCTGTTGGTGTTCTTTCA
GTATATCCCCCATACCGTATAACCATTTGGCT
AACCGATAAACAGGCATTCGCGTCTGAATATC
ATCCATGATATTTCTTTACCATATCGATAAAT
CCCGTCGCTGCAGAACGCGCCGCCGACGTATG
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TATGCTGACGCATCAG
GACATTTAACATGTCGCGGTGGTTACGTCCGT
TCCACCCCGTTGTCCTGGCATGCCCAGCGGAA
GTCGAGTTTTGGCCGGGCTCAGCACGTTACCG
TTGATAGACTGCCGAAGTTGAGTATTTTTGCT
TCTGGATTCCACATTACGCTCCTGTCCGGCAA
GGGCGTTTTGATAGTCTGGCGTAACCATCATC
TTGTCGCGTCTGCGCCCGAATAAGCCTCAAGC
CGACCCCCTCGATTCG
GAGAACTTCAAGCATTGCGATTTTGTTAAGCA
ATGGCAGAAATGGTCGATTCTTTCCACCTGCTGATCTGCGAC
CAGGCCTGGGTTAGTTTTTTCATGGTAACTTC
TCATCTTTTTTTGCTGATGTGCTGCCTCGCAC
GTTTCATCCTGGAAGGATTTGCTGACAGGTGA
AAAACCAGCTGAATGGTTACTACGTCAGATTC
TTCTTCCCTTCCTGTTTTGGTCTATCTGGTGC
TTCGCCAGGACGAGAGACGTCACCTTTCGCAG
CCTGCCCGTGCATCCAGCCAGCGATGTCTCGC
TATGCTGGAATGCTGCGGTAAACAGGTGAGCG
CAACGTCCCGGCAAGGTTAGGAACCCCTGACA
CCCAGGTAGGTTGACTGGCCTATTCAACCTGT
CATACACTAGCTCCGCAAATTCGCTTTACCTG
TTTGATTTGCTCTGTACCGAATGCAGAGCAAA
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CACGATTTCAGTCTCGCTTCGTCTAAACTAAC
AGTTGTTTATGTTTTTCATTCTCGCTTTCCAC
ACGGTTAAGCTCACGGTCAAAGTTTTTGTCAG
CATCTGCGTTCCGGCATGTTGTTGCACGCCTG
GTAAGCGCACCTGCTGTACCTGCGGACTCCTG
GTTGGTAAACTGGCTGAACACACCGAACTCCA
TCCACGGAGTTAGCCAGGCTCGCCTTGCCGCC
CCTCGCTTCGACGGATTTCGTTCAGCAGCAAC
AACCAGCTTCCCGTTTTCCCGAAAGTCGTCAA
TAACGGATCATTCCTGCGTTAACCGCAGCATT
GTCCAAGCTCCGGACGTCCTCCTTTTCCTGCG
GTAACGGTTGATTTCGAGTTGGGTCCACTTAT
CCAAAAAATCAATCACCTTGTTTTGAGATCGA
CAAAGGTGAGCCACCGGATATCCCTACTGCGT
CACCGCACGTTGAAGGTTTTTACGATTGGTTT
ATTTGGTCTTGGCTTGGGTTTATTAGCTGCGG
CACCGGAGGGAAGGTATTTGCAGTTAAGCAGG
GTAGTGGTGGTGATACTTCGTCGCCCATGCCA
CTTTGGTTCAGAACTTCACAACTTAACATCCT
GGCTTCAGTGTCATTGGATGTTCAACCACAAA
GAGTGCCAAAACGTAATGCACGTCCTACACGC
TCTGTCAGTTTTGCTCCATTAGCCCTGTATAA
CACGTTCACGTCCTGCCACCGGAGGACCACTT

169

CAGCACACTCATGCAGCCCTGTCTCCCCAAGA
GACCAGAAGTAAATCCAGTCTGTGAACCATCT
CGCGGAGTTTGGTTTGCTGGCTGTGCGATCCG
AGTTACCTTCCAGTAATGACCTCAGTTGATGA
GAGATCTGTGTTCAGAACGCTCGGGGGAAAGT
AGCATATTTTTATTGGTGAGAATCCTTCGTTC
TGGTCAGACCAATCGAGCCATGTCAGCCAGAA
ACGCACTCCATTCAAGAACAGCAATGTTCCAT
CTCAGTTCTGGAATCCAGTCCCTCGCCGACGG
CGACGCTTTCTTGTTCACTTCCCTCTCCCCCA
CACGTTGATATCAACCTGCAATACCACACTTC
CCTGTTGCTTGTTTTTGTCATAATGCTTTTCG
ATTTCAAATTATTAGCTCAGTAATGTAGATGG
GAATAGCGTAACTCCATATACCGCCAATACCC
GGTTGGGTGCGGCACTCTGGCGACACTCCTTA
TTGCGTTCGTTCGTGCTCATCTTTCCTTCCCG
CCCATAGCTGGTAGCAAACCGGTAATACACCG
TTCAACCTACCTTACCTTCGATAACCAGAAGA
CAGCTTTCTGCCATTTTAGCCGCGGCCTGATT
GCTGCTTTTTACTGTTGCGCCTGTTAGCGCGG
GCCATTCCGGCGCACAGAAGCTATTATGCGTC
ATCCTGCTATGAATAATTGCCTCTTTGCCCGT
GCTCTAATTGCTCCTTTCAGTCCGAACTTAGC

170

AACGCCACCTGCGATCTTCGCCAGAGCCTGTG
TCCAGAGCAGAGGTCTACCGCCCATGACAGGA
GTGCGGCGTACTGGTTCAGGGATCGCCTCACC
ACGCATCTTTCTCGCAGTCATATGGACAAGCT
TCGTACTGGCCTTACGGCGTAATTCCGCATCA
TCTGCGCTATTGGCCCGCATGTTCTGATACAG
TGCCAGTACCAGCCAGTAGTGCGCGTTTGATT
TGGTCACGTAAGACTCCGCATCCGGATACAGG
CCCACTGGCCGGCAATACTCGTAAACCATATC
CGTGGTGACGCTGACGTTTGGCAGTCCGGCGG
GCTACGCGGCTTCTTCCCGGCACCATGCAACAAACTGCCCGGGTG
AATAAAAAGGCCTGCGATTACCAG
Rectangle Half Circuit Design
Scaffold: M13mp18, design is 7216 base pairs long
Staple sequences:
GCGTTTGCTCATTAAAGCCAGAATGGAAAGCG
GGAACCAGATTGGCCTTGATATTCACAAACAA
CAGAGCCGAGCATTGACAGGAGGTTGAGGCAG
TGGCCAACATTGGCAGATTCACCAGTCACACG
AAGCGTAATGACGCTCAATCGTCTGAAATGGA
TTGAATGGCAGGAAAAACGCTCATGGAAATAC
GATAGCCCATCCAGAACAATATTACCGCCAGC
GAACGAACGAAGAACTCAAACTATCGGCCTTG
171

TGAGGCGGTTTGATTAGTAATAACATCACTTG
GTGCCACGATCACGCAAATTAACCGTTGTAGC
ATCTAAAGTCAGTGAGGCCACCGAGTAAAAGA
TCAAACCCGTACGCCAGAATCCTGAGAAGTGT
AAATCAACGAGGCCGATTAAAGGGATTTTAGA
AAGTTTATTAGCGTCAGACTGTAGCCTTATTA
ATATGGTTGTAATCAGTAGCGACAAAATCACC
GACATTCAACGTCACCAATGAAACGCCTCCCT
TATTGACGCAGTAGCACCATTACCCACCCTCA
TTTGCACGATACTTCTGAATAATGTGACCTGA
TAGATTTTAATTCATCAATATAATCAATATTT
CAGTAACATATCATCATATTCCTGCGCGAACT
ATAACGGACGGAACAAAGAAACCAAAAATACC
AGTTACAAATTTTAAAAGTTTGAGAACAGAGG
TTTCAATTCTCGTATTAAATCCTTCTGCAACA
ACAAACATAGAAGTATTAGACTTTAATGAAAA
TAACAATTGAGCCGTCAATAGATACTCAAATA
GAAACAGTTATCTTTAGGAGCACTCAGTTGGC
CGTCAAAAAAAATACATACATAAACACGGAAT
AGAATAACCTCCTTATTACGCAGTGAAAATTC
CGGGAGAACGGAATACCCAAAAGAAAAAGGGC
CAGAGGGTACCAGAAGGAAACCGAAAGGTAAA
TAACCCACTAAGAAAAGTAAGCAGGGTGAATT

172

AATACCGATATATTTTAGTTAATTAAATTGCG
TAAGAATACAAGACAAAGAACGCGTGAATATA
AAAAGCCTACTATATGTAAATGCTGAGAAACA
AATTCTTATTTTTAACCTCCGGCTGAATACCA
GTAGGGCTATTTATCAAAATCATAATTATTCA
AACGCCAATAGATTAAGACGCTGAATGATGAA
TCGAGCCACCCTTAGAATCCTTGAATTACATT
ACAAAAGGGCTTCTGTAAATCGTCTTTTAATG
AGCGGGAGCTAAACAGAGTTGAAAGGAATTGAGGAAGGTT
CAGTCTCTTTTTCGGTCATAGCCCCGCGTTTT
ATAAATCCCATCTTTTCATAATCAGAATCAAG
GTCAGACGAGCCACCACCGGAACCCATCGATA
CCGCCGCCCCACCCTCAGAACCGCATTAGCAA
TTATTTACAGAGATAGAACCCTTCGAAGGGTT
CTACATTTGAATACGTGGCACAGACCTGATTG
CATTGCAACTATTAGTCTTTAATGATTATCAG
CTGGTAATTAAAACATCGCCATTACCAGAAGG
CCTGAGTACACCAGCAGAAGATAATAACATTA
AATACTTCTCAGTATTAACACCGCTGCCCGAA
GTCTGTCCCTGAGAGCCAGCAGCAACAAACAA
TTTTATAACATCACCTTGCTGAACATACATTT
CAGGAACGTCAATCAATATCTGGTAACAACTA
CATCGGCAAGAAACGCAAAGACACGGTGGCAA

173

TTTGCCTTTTTGTCACAATCAATAATGTTAGC
GCAGCACCTACCAGCGCCAAAGACACTGGCAT
GGCCGGAAACCGATTGAGGGAGGGGGAAACGC
AAAATCACGAAATTATTCATTAAAATAGCCGA
TTTGGATTTAAAACAGAAATAAAGTCATCTTC
ATGATGGCCAGGTTTAACGTCAGAAGAAAACT
AGCGGAATGTACCTTTTACATCGGGATGCAAA
TCATTTTGTTCGCCTGATTGCTTTTAGGTTGG
CGTTATTAAATCGCGCAGAGGCGAGGTCTGAG
TTCGACAAACCTGAGCAAAAGAAGGAAGAGTC
GAGGATTTCAAGAAAACAAAATTAAAACATAG
ATAGATTATCATTTGAATTACCTTGCTATTAA
ATCTAAAAACATAAATCAATATATGTGAGTGA
CATATAAAAATAAGAAACGATTTTTTGTTTAA
AAACGTAGATGAAAATAGCAGCCTTTACAGAG
GATTAAGAATAAAAACAGGGAAGCGCATTAGA
AATAATAATTAACTGAACACCCTGAACAAAGT
ACAAAGTTAATTGAGCGCTAATATCAGAGAGA
GCCCTTTTAAGAATTGAGTTAAGCCCAATAAT
TTTTCAAACCGTGTGATAAATAAGGCGTTAAA
TCCAATCGAACACCGGAATCATAATTACTAGA
GTTATATAGTTTAGTATCATATGCGTTATACA
AGACTACCCCAGTATAAAGCCAACGCTCAACA

174

AATAGTGATAATTGAGAATCGCCATATTTAAC
CGATAGCTCATGTAATTTAGGCAGAGGCATTT
TTAATTTTGTAATAAGAGAATATAAAGTACCG
ATAACCTTTAAAGTAATTCTGTCC
GTTGTACCATTTGGGGCGCGAGCTGAAAAGGT
TTTTGCGGAAATGGTCAATAACCTGTTTAGCT
GATAAAAATAGATTTAGTTTGACCATTAGATA
AATGCAATTATAACAGTTGATTCCCAATTCTG
TTCAAAAGACTAAAGTACGGTGTCTGGAAGTT
AATCACCAAATGCTGTAGCTCAACATGTTTTA
GCTGATAATGCGGATGGCTTAGAGCTTAATTG
TTTTGAGATTTAATTGCTCCTTTTGATAAGAG
ATGAACGGTACCAAGCGCGAAACAAAGTACAA
CATATGTACTAAAACACTCATCTTTGACCCCC
CCAAAAACCCAACCTAAAACGAAAGAGGCAAA
TAAATTGTCGGGTAAAATACGTAATGCCACTA
AACTAAAGAAAGACTTTTTCATGAGGAAGTTT
CGTTGAAAGGGTAGCAACGGCTACAGAGGCTT
GGAGCCTTACCCTCAGCAGCGAAAGACAGCAT
CTTTCGAGAGGGAGTTAAAGGCCGCTTTTGCG
CCGATAGTCATAACCGATATATTCGGTCGCTG
ATTAGCAAAATTAAGCAATAAATTCTACTAATAGTAGTAGCATT
CCCCGGGTAGGCGATTAAGTTGGGCTAAATCG

175

GTCATAGCTACGCCAGCTGGCGAATGTAATAC
CGCTCACAGGAAGGGCGATCGGTGAACGCAAG
AGCATAAACGCCATTCGCCATTCAATATTTTA
AGTGAGCTGCACCGCTTCTGGTGCGGTAAAGA
CACTGCCCCTCAGGAAGATCGCACGACAGTCA
TGCCAGCTTGCCAGTTTGAGGGGACCGTTCTA
GGGGAGAGTGGTGTAGATGGGCGCGTAGCTAT
GTGGTTTTCGGCGGATTGACCGTACAGGTCAT
CAGCTGATTAACAACCCGTCGGATGAGAATCG
AGAGTTGCGCCAGCTTTCATCAACATGTCAAT
CCCAGCAGATCAAAAATAATTCGCGAAAAGCC
GTCGAGAGAATCAGCTCATTTTTTCAAATATT
TAGGTGTAGAATAGAAAGGATTCGCATTAAAT
CCGCCACCCTAAACAACTTTCAACTTTTTTCA
GCCACCCTGTTAGTAAATGAATTTCTCCAAAA
GGATAGCATAACGATCTAAAGTTTTCAGCTTG
TAACACTGTAGCATTCCACAGACAGCTTGATA
ACGGCCAGTGCCAAGCTTGCATCCAGTCACGACGTTGTAAAACG
ACCACACCCGCCGCGCTTAATGCGTAGAGGAT
GTTTTAACGGGGTCAGTGCCTTGAATTTTCAG
AGACGACGGTAGCGGTCACGCTGCTAATCATG
TGCAGAACCGAAAGGAGCGGGCGCTTGTTATC
AGTCCTGAGGCGAACGTGGCGAGAGAGCCGGA

176

AATTTACGAGCCCCCGATTTAGAGGCCTAATG
CGGCTGTCGCCGTAAAGCACTAAAGTTGCGCT
TATTAAACATCACCCAAATCAAGTACCTGTCG
AGCAAGCCGTCTATCAGGGCGATGCAACGCGC
ATTACCGCACGTGGACTCCAACGTGCGCCAGG
TAGAAGGCTCCAGTTTGGAACAAGACGGGCAA
GGCGTTTTAAAGAATAGCCCGAGAGCCCTGAG
GTTTTGAAGTTCCGAAATCGGCAATGGTTTGC
TTTTGCACCGGGGTTTTGCTCAGTACCAGGTT
TTACCAACCTGAGACTCCTCAAGAGCCCGGAA
TAATTTGCCTATTATTCTGAAACAGTTTAGTA
TATTTATCAAACAGTTAATGCCCCTCAGAACC
GAATTTACGATACAGGAGTGTACTATGTACCG
CGTATAACGTGCTTTCCTCGTTACTATGGTTGCTTTGACGAGCA
ACAACCATCGCCCACGTGCGCCGACAATGACACAAACTAC
GGCATCAAGCCTCAGAGCATAAAGTAACGCCA
ATATTTTCAAAAACATTATGACCCAGGGGGAT
CATTTCGCGAGAAGCCTTTATTTCCGGGCCTC
CGAACGAGTTTTTAGAACCCTCATGGCTGCGC
TCATTCCAGCCTGAGTAATGTGTACGGAAACC
AATATGCAGGTGAGAAAGGCCGGATCCAGCCA
CTGAATATTCAATATGATATTCAACGACGACA
GTCATTTTATTAATGCCGGAGAGGATCGTAAC

177

AGAGTACCGATCTACAAAGGCTATATGGGATA
AGCGATTATAATCGTAAAACTAGCATTAAATG
AGAATACACCCCGGTTGATAATCAGTCTGGCC
CGAAGGCAAGGAAGATTGTATAAGAACCAATA
CCATTAAAAAACGTTAATATTTTGTTAAAAAC
TGAGGACTGAATTGCGAATAATAAAGTTTCAG
CGGAACGAATCTCCAAAAAAAAGGTCTGTATG
GGATCGTCTAATTGTATCGGTTTATGTCGTCT
AGGCTTGCGTGAATTTCTTAAACAGCCCTCAT
TGCCTGAGAGTCTGGAGCAAACAATCTCCGTG
GGGTTTTCGCCTGCAGGTCGACTCCCGCTACA
GTGCTGCAACCGAGCTCGAATTCGGCGTAACC
TTCGCTATTGTTTCCTGTGTGAAATAGGGCGC
AACTGTTGATTCCACACAACATACAAGGAAGG
AGGCAAAGGTGTAAAGCCTGGGGTCTTGACGG
GCTTTCCGAACTCACATTAATTGCTCGGAACC
GTATCGGCGCTTTCCAGTCGGGAATTTTTGGG
CGTGCATCGCATTAATGAATCGGCGCCCACTA
GGTCACGTGCGGTTTGCGTATTGGCAAAGGGC
GGAACAAATCTTTTCACCAGTGAGAGTCCACT
TGAGCGAGTGCCCTTCACCGCCTGTAGGGTTG
TTCCTGTAAGCAAGCGGTCCACGCAATCCCTT
GGAACGCCGCGAAAATCCTGCGGATAAGTGCC

178

TTTTGTTAGGTTGATATAAGTATAGAAGGATT
CGGAGTGATCACCGTACTCAGGAGTGAAAGTA
GGATTTTGCTCAGAACCGCCACCCCTGCCTAT
TTCCAGACCAGAGCCACCACCCTCGTAACAGT
AGTTAGCGAGCCCAATAGGAACCCGGTAATAA
AACGCCTGAGTTTCGTCACCAGTAATACATGG
GGGCGCGTAGAATCAG
TGGCAAGTACAATAAACAACATGTTCAGCTAA
GAAGAAAGGCGCCTGTTTATCAACAATAGATA
GGAAAGCCACAAGAAAAATAATATCCCATCCT
CTAAAGGGAGCATGTAGAAACCAATCAATAAT
GTCGAGGTTTTCCTTATCATTCCAAGAACGGG
CGTGAACCCAAGTACCGCACTCATCGAGAACA
GAAAAACCGTTTTTATTTTCATCGTAGGAATC
ATTAAAGAGCCCAATAGCAAGCAAATCAGATA
AGTGTTGTTTATCCGGTATTCTAAGAACGCGA
ATAAATCAAGCGAACCTCCCGACTTGCGGGAG
TGATGGTGGCCTTAAATCAAGATTAGTTGCTA
AGGATTAGCCAGCTACAATTTTATCCTGAATC
TTAAGAGGGCTAACGAGCGTCTTTCCAGAGCC
TTCGGAACCAGTTACAAAATAAACAGCCATAT
GCCCGTATCCAATCCA
CTTTTGATCGTTCCAGTAAGCGTC

179

AATGCAGAAAGCGAACCAGACCGGAAGCAAAC
AGGCATAGACTTCAAATATCGCGTTTTAATTC
CGTTTACCTGCATCAAAAAGATTAAGAGGAAG
CGAGAGGCCCCTGACTATTATAGTCAGAAGCA
GGGGGTAAAGAATGACCATAAATCAAAAATCA
CGTCCAATCCCCTCAAATGCTTTAAACAGTTC
TCATCAGTTGAGTCAGGATTAG
AAATCCGCATAAAACGAACTAACGATTCAACT
GAACGAGGAGTCAGGACGTTGGGAGAATTACG
CCGAACTGTTATGCGATTTTAAGAATAACCCT
AACGGTGTTTTAATTTCAACTTTACAAAATAG
GACCTTCACCAGAACGAGTAGTAATTGCCAGA
GGATATTCTCAGTGAATAAGGCTTCTGGATAG
CGGAGATTTGTGGTAGAAAGAT
AAATATTCATTGAATCACTGCGGAATCGTCATTAACAAAG
TCCAACAGGATTTAGGAATACCACGAACAACA
GAGCTTCATACATAACGCCAAAAGAGAAAAAT
CCCGAAAGTAAGAGCAACACTATCACTGGCTC
AAGCGGATAGACGACGATAAAAACATCATTGT
GGTCTTTATTTTGCAAAAGAAGTTATTGGGCT
AGAAAACGTAGTAAAATGTTTAGAGCCCTGAC
TTATTACAATCATCGCCTGATAAATTGTGTCG
CTACGTTAGACCTGCTCCATGTTACTTAGCCG

180

ATTATACCCGCAGACGGTCAATCATAAGGGAA
GAATTACCACCAACTTTGAAAGAGGACAGATG
TGAGATGGACAGACCAGGCGCATAGGCTGGCT
GAGAAACATCAAGAGTAATCTTGACAAGAACC
CTGCTCATATTACCCAAATCAACG
Linking staples:
ACCCAGAGCCGCCACCAGAACCACCACCAGAG
AAGAGCAAGAAACCCTAAATTTAATGGTTTGA
GAGCCACCACCCTAGTAATAAAAGGGACATTC
AGAACTTGAGCCATTTGGGAATTAGAGCCAGC
ATCACCGTCACCGACCTACCATATCAAAATTA
TGAAATGAAATAGCAATAGCTATCTTACCGAA
Adjustments to the Rectangle Half Circuit Design
Linkage type 1: Staple strands were modified to contain overhangs (sticky ends) that
link directly to the overhangs on the other rectangle half circuit. One linkage contained 3’ sticky
ends (red) that paired with each other and the other linkage contained 5’ sticky ends (blue) that
paired with each other.
Unmodified staple strands replaced by the modified strands: (the 6 linking staples and 3 others)
ACCCAGAGCCGCCACCAGAACCACCACCAGAG
AAGAGCAAGAAACCCTAAATTTAATGGTTTGA
GAGCCACCACCCTAGTAATAAAAGGGACATTC
AGAACTTGAGCCATTTGGGAATTAGAGCCAGC
ATCACCGTCACCGACCTACCATATCAAAATTA
181

TGAAATGAAATAGCAATAGCTATCTTACCGAA
TGGCCAACATTGGCAGATTCACCAGTCACACG
TTATTTACAGAGATAGAACCCTTCGAAGGGTT
TTTGGATTTAAAACAGAAATAAAGTCATCTTC
Modified linking DNA staple strands:
For structure 1 (one half circuit structure):
CAGAGCCGCCACCAGAACCACCACCAGAG
ACTTGAGCCATTTGGGAATTAGAGCCAGC
AATGAAATAGCAATAGCTATCTTACCGAA
GAGCCACCACCCTCATCATTAGC
ATCACCGTCACCGGATTCGACAT
AAGAGCAAGAAACTATAACCGAC
TGGCCAACATTGGCAGATTCACCAGTCACACGACC
TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGA
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGA
GTTTAAGCTCAGTAATAAAAGGGACATTC
CGATTACCTAACCTACCATATCAAAATTA
CTGATAACCTCCTAAATTTAATGGTTTGA
For structure 2 (the second half circuit structure):
GAGCTTAAACCAGAGCCGCCACCAGAACCACCACCAGAG
TAGGTAATCGACTTGAGCCATTTGGGAATTAGAGCCAGC
AGGTTATCAGAATGAAATAGCAATAGCTATCTTACCGAA
GAGCCACCACCCT

182

ATCACCGTCACCG
AAGAGCAAGAAAC
TGGCCAACATTGGCAGATTCACCAGTCACACGACCGCTAATGATG
TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGAATGTCGAATC
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGAGTCGGTTATA
AGTAATAAAAGGGACATTC
ACCTACCATATCAAAATTA
CCTAAATTTAATGGTTTGA
Linkage Type 2: Staple strands were modified to contain overhangs (sticky ends) that
link to a third strand (helper strands). This third strand base pairs with sticky ends from both
rectangle half DNA origami structures (see Figure 3.3B). The sticky ends are color-coded to
match the respective helper strands. Note: the staple strands that do not have sticky ends are the
same for both structures.
Unmodified staple strands replaced by the modified strands: (same as Linkage Type 1)
Modified Linking DNA staple strands:
For structure 1 (one half circuit structure)
CAGAGCCGCCACCAGAACCACCACCAGAG
ACTTGAGCCATTTGGGAATTAGGACATTC
AATGAAATAGCAATAGCTATCCAAAATTA
GAGCCACCACCCTCATCATTATAGCTAGC
ATCACCGTCACCGGAGCTTATCAAGTACC
AAGAGCAAGAAACTATCTATGACCATTGA
TGGCCAACATTGGCAGATTCACCAGTCACACGACC

183

TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGA
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGA
GTACGTATTGCAATCAAGTAATAAAAGGGACATTC
ATGTGCTAACTTAGTAACCTACCATATCAAAATTA
GTCTAATCCAGGTTTACCTAAATTTAATGGTTTGA
For structure 2 (the second half circuit structure)
CAGAGCCGCCACCAGAACCACCACCAGAG
ACTTGAGCCATTTGGGAATTAGGACATTC
AATGAAATAGCAATAGCTATCCAAAATTA
GAGCCACCACCCTACTGAGTAGAATTTCC
ATCACCGTCACCGTAGGAAACATGACATA
AAGAGCAAGAAACTACCTGGCATTCAGTT
TGGCCAACATTGGCAGATTCACCAGTCACACGACC
TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGA
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGA
AAGGAACCTTAAGGTTAGTAATAAAAGGGACATTC
CAGGTAACCTAAATCCACCTACCATATCAAAATTA
GGTACTTGATCGTCATCCTAAATTTAATGGTTTGA
Helper strands:
AACCTTAAGGTTCCTTGCTAGCTATAATGATG
GGATTTAGGTTACCTGGGTACTTGATAAGCTC
ATGACGATCAAGTACCTCAATGGTCATAGATA
TGATTGCAATACGTACGGAAATTCTACTCAGT

184

TACTAAGTTAGCACATTATGTCATGTTTCCTA
TAAACCTGGATTAGACAACTGAATGCCAGGTA
Linkage Type 3: A combination of linkage 1 and 2. One side has linkage 1 and the other
side has linkage 2. Staple strand extensions that pair with each other are color-coded to match
each other.
Unmodified staple strands replaced by the modified strands: (same as Linkage Type 1)
Modified Linking DNA staple strands:
For structure 1 (one half circuit structure)
CAGAGCCGCCACCAGAACCACCACCAGAG
ACTTGAGCCATTTGGGAATTAGAGCCAGC
AATGAAATAGCAATAGCTATCTTACCGAA
GAGCCACCACCCTCATCATTAGC
ATCACCGTCACCGGATTCGACAT
AAGAGCAAGAAACTATAACCGAC
TGGCCAACATTGGCAGATTCACCAGTCACACGACC
TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGA
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGA
AAGGAACCTTAAGGTTAGTAATAAAAGGGACATTC
CAGGTAACCTAAATCCACCTACCATATCAAAATTA
GGTACTTGATCGTCATCCTAAATTTAATGGTTTGA
For structure 2 (the second half circuit structure)
CAGAGCCGCCACCAGAACCACCACCAGAG
ACTTGAGCCATTTGGGAATTAGAGCCAGC

185

AATGAAATAGCAATAGCTATCTTACCGAA
TGGCCAACATTGGCAGATTCACCAGTCACACGACCGCTAATGATG
TTATTTACAGAGATAGAACCCTTCGAAGGGTTAGAATGTCGAATC
TTTGGATTTAAAACAGAAATAAAGTCATCTTCTGAGTCGGTTATA
AGTAATAAAAGGGACATTC
ACCTACCATATCAAAATTA
CCTAAATTTAATGGTTTGA
GAGCCACCACCCTCATCATTATAGCTAGC
ATCACCGTCACCGGAGCTTATCAAGTACC
AAGAGCAAGAAACTATCTATGACCATTGA
Helper strands:
AACCTTAAGGTTCCTTGCTAGCTATAATGATG
GGATTTAGGTTACCTGGGTACTTGATAAGCTC
ATGACGATCAAGTACCTCAATGGTCATAGATA
Reinforced corners on the rectangle circuit DNA origami structures:
Unmodified staple strands replaced by the modified strands:
ACCACACCCGCCGCGCTTAATGCGTAGAGGAT
GTTTTAACGGGGTCAGTGCCTTGAATTTTCAG
CATCGGCAAGAAACGCAAAGACACGGTGGCAA
AGCGGGAGCTAAACAGAGTTGAAAGGAATTGAGGAAGGTT
ATCTAAAAACATAAATCAATATATGTGAGTGA
ATAACCTTTAAAGTAATTCTGTCC
Modified DNA staple strands:
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ACCACACCGGAAGGTTATCTAAAAACATAAAT
CAATATATCGCCGCGCTTAATGCGTAGAGGAT
GTTTTAACAGAAACGCAAAGACACGGTGGCAA
CATCGGCAGGGGTCAGTGCCTTGAATTTTCAG
AGCGGGAGCTAAACAGAGTTGAAAGGAATTGA
GTGAGTGAATAACCTTTAAAGTAATTCTGTCC
Reinforced leads on the rectangle circuit DNA origami structures:
Unmodified staple strands replaced by the modified staple strands:
TCATCAGTTGAGTCAGGATTAG
CGGAGATTTGTGGTAGAAAGAT
TGCCTGAGAGTCTGGAGCAAACAATCTCCGTG
GTGGTTTTCGGCGGATTGACCGTACAGGTCAT
Modified DNA staple strands:
GTGGTTTTCGGCGGATTGACCGTACAGGTCATTCATCAGTTGA
GGTAGAAAGATTGCCTGAGAGTCTGGAGCAAACAATCTCCGTG
GTCAGGATTAG
CGGAGATTTGT
To remove stacking of the rectangle circuit structures:
Unmodified staple strands replaced by the modified strands:
ACAACCATCGCCCACGTGCGCCGACAATGACACAAACTAC
AACGCCTGAGTTTCGTCACCAGTAATACATGG
CTTTTGATCGTTCCAGTAAGCGTC
Modified DNA staple strands:
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ACAACCATCGCCCACGTGCGCCGACAATGACA
CAAACTACAACGCCTGAGTTTCGTCACCAGTA
ATACATGGCTTTTGATCGTTCCAGTAAGCGTC
Adjusted Branched “T” Shape for Linking
Staple strands were modified to link two T structures together. The rest of the staple
strands were unmodified and used as before. The linking staple strands form a Linkage Type 1
connection on one side and a Linkage Type 2 connection on the other side. The “sticky” sections
are color-coded to show how they pair.
For one of the “T” structures:
Unmodified staple strands replaced by the modified staple strands:
GGTAGAAAGTCTATCAG
CATAACCGATTGAAAAGGTG
Modified linking DNA staple strands:
GGTAGAAAGTCTATCAGCGTAGTAGTGC
CATAACCGATTGAAAAGGTGCTACAATG
For the other “T” structure:
Unmodified staple strands replaced by the modified staple strands:
GCATCAATTCTACTAATA
GGTAGAAAGTCTATCAG
Modified linking DNA staple strands
GGTAGAAAGTCTATCAGGCACTACTACG
CGTTAACTGCATCAATTCTACTAATA
Helper linking strand:
188

AGTTAACGGATTGTAG
Corner Design
(Information is for the redesigned corner structure)
Scaffold: Lambda phage DNA, bases 39576–42308, 2733 base pairs long
PCR Primers:
GGATCTATGAAAAACATCGC
[BioTEG]CGACGCTTTCTTGTTCG
Staple sequences:
AGACACCATCGATTCCAGTAACACCGATA
ACATCGCGAAATGGTCATCACAGTATT
ATTCACCGGGTTGATTTGGTCGGAAGCGG
CCTCGCCCATCATGCAGCTTCCCTTTCACACCGG
GGGAACGAGTTTTTATTACCACAA
GACTGGCCAATCTGTCAGTGCAGATGTAATTC
AGCCATTCCCGATAACCAGAAGACCTGCCCGTGGTGAA
CTGGTTACCCAGACCTTACCTTCGGCAAGGTT
TGCCATTTTAGCCGCGGCCTCCGGGTG
ATGGCAGAACCTGTTCCATCGTGGTGATC
ATTCTGCCGACGGTTATCTTCTTTGC
CCGTTTTCCCCCATGCAACAAACTGCGATTTATG
GCTACGCGCATTCCTGCGTTAAATGGTCG
GCTGATGTGCTGGAGATCG
AGGATTTGCTGTACTGCGTGAATTTCCCTC
189

GGTTACTACGATTGGTTTGGTTGTTACCAGC
TTTGGTCTAAGCTGCGGTTGCGTGTAGATGG
GACGTCACCTAAGCAGGCCCATAGCCAATACC
GCCAGCGACCATGCCATTCAACCTACACTCCT
GTAAACACACACTTCCAGCTTTCTTTCCTTC
AGGAACAACATCCTGCTGCTTTAGTAATACA
AATTTCAAAGGAATTCTCGCAG
TCCCCCAATTACTGGTTCAGGGATACGGCG
AGGCCTGAGAGGTCTACCGCCCGGCCCGCA
TCATCTTTCTGCGATCTTCGCCAGAGCCAGTA
CGTTTCATGCTCCTTTCAGTCCGAAAGACTCC
TAAAAACCGAATAATTGCCTCTTTCCGGCAAT
CCGTTCTTGCACAGAAGCTATTATCGCTGAC
CCGTTCGTGTTGCGCCTGTTAGATGCTTCT
CCACGGTTTTAGTTTTTTCATGACAGCGTTTT
AAGTTGTTATAAAAAGGCCTGCGAGGTCTGGA
CACGATTTTTATTAGCTCAGTAATTCCTGAAT
TTGATTTTAACTCCATATACCGCTTCCTGT
ATACACTTCGCGGCACTCTGGCGGACGAGA
CAGGTAATAGGTTCGTGCTCATCTGCATCCA
CGTCCGGCCCCTGGTAGCAAACCGATGCTGCG
TCATATGGACATTCATAGATCC
TAATTCCGGTCAAAGTTAACCATCTGTGCGG
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TGTTCTGTGTTGTTGGCGATCCGACGCATC
GTGCGCGACCTGCGGCTTTTCGTCGTACTG
GCATCCGGACACACCGTTGATGATCTGCGCTA
ACTCGTAACTCGCCGGGAAAGTTGCCAGTAAC
GTTTGGCAGTTCACTTCGTTCTGGTCACGGTT
TCCCGGCAGAAAAGCCAGAACCCACTGGCGA
CGATGTTTAGCTCATCTGCGGCCTTCGCCTCA
TGCTCACGCATCAGTAAGCGCATTATGACAGG
TTCCGGCAATACAGGTTGGTAACCAGCCTGTG
CCTGCTGTTTTGATTTCCACGGATACTTAGCT
TGGCTGAATACAGGCCTCGCTTGCCCGTC
AGCCAGGACCATATCAACCAGCTGCGTCCC
CGGATTTCGTCCGGCGGTAACGGCGCGGCAA
CACCTTGTTTTCATTAAAAACA
GACGTCTTAGCCACCGGATATCCCCGTCACG
AGCCGTGTAGTTGAAGGTTTTTAGTACATA
TCTTTTGGGATTGGCTTGGGTTTTCGCGAT
TGCGTTTCGTTGGAAGGTATTTGCCAGGGCTT
GCAGATTATGTCGGTGATACTTCGCGAATCTT
CTCGCCACACGTCCTCCTTTTCCTATTTCGCA
GGTAACACCCCTGTTGGTGTTCTCCCGAAGT
CACATGGGCAAGTCCGATTTTTAAACCGAT
ATCTCCTTTGCAGAATATGCAGTGTATATC
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ACCGTCCATATTTGCAAATCGAATCGGGTTGA
GATAATCACATGCGAGGATATCTTATACCGTA
TTAGCTCGACAGTTCAGCAAGATAGGCATTCG
TGACTCAGGGCTTTAGCCGCTTCCTTTACCA
CGAAATCATGCCAATCCACGTGGACGCGCC
CGCTGCAATCCGTATCCATGAA
CTTTGCAGGATCCCGTGATGACCTCCTCGCAC
TTTTTTAATGGCGTTTCCCGATGTCACAGGTG
TGTTCCGGGCGACATTCTTCCTCGCGTCAGAT
GCTTCCACTTTTCTGAATACATTTATTTCTGG
AAGTCTGTACCATGTCCTGATAAGTTTTC
CAGGCTTTAACAAGAGCCGGTATTCGCTGT
AGCTCTGAAGCTGCCCTCCAAATGCGGTAGT
ATGTCATTCGCTTTTGCTCCATTAGCCAGA
CCAGAACTGCTGACGTCCTGCCACCGGAGAA
TATCAACCCATTTATCATGCAGCCCTGTCTC
TAACCATTGCTTTCCACTCCAGAGCCAGTCTC
CGTCTGAACTGACCACTTAACGCCACGCTCTG
TATCGATTGCCTGTATAAGCTCTAATAGCTC
GCCGACGTCGCCTACACGCATCCTGCTGGTT
AACGTAATGCACGTCTTTA
CCTGCCCGTGGATGTTCACAACCTCTCCTCAT
GCAAATATTCACAACTTCCCTGACTGCGTTGA
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ACTAACGATGCAATACGGTGAGCGTACCGAGA
CCCATCTCTGGCTGTCCAAGCTCGGTTGTT
GCTTCGTTATCCTTTGGTTCCCCCTTCTCA
TACCGAAAAATGGCTTCAGAACATCTGATTC
CGCAAATTATGGAGTGCCATATTTGGTTCATC
Three-dimensional Corner Design
Scaffold: Lambda phage DNA, bases 39187–41340, 2154 base pairs long
PCR Primers:
GACCAGCCAGAAAACGACC
[BioTEG]CGCGTCTGAATATCCTTTGG
Staple sequences:
TGGGTCCATTTGGCAGCGCTTCCGGCAATACT
TGCCTGTTCCGGCACCGGATAAGACTCCGCA
GGTCGAGTGGCAGAAATAACCAGCCAGTAGT
TCCACCCCGCGCATTGCATTGGCCCGCATG
TTAACCATGGTGATCCCGGCCTTACGGCGTAA
GGCGATCCACTGGCGATTCTCGCAGTCATAT
GCTTTTCGGTCACGGTTACTGGTTCAGGGAT
ACACACCGTTGATGAGCCAGTAAGAGGTCTACCGCCCA
TTCCCTGGTAGCAAACCGGTAATACCAGGCCTTCCGGCGG
TACCTTCGATAACCAGATTTCCACATGCAAC
CATTTTAGCCGCGGCCCAGGTTGGTGGTCGA
ACTGTTGCGCCTGTTACAGTAAGCCCTGCGTT
193

CGCACAGAAGCTATTTCATCTGCGTTTTCC
TGAATAATTGCCTCTCACGGTTAACGGATTT
TGCTCCTTTCAGTCCGAGTTGTTTTAGCCAG
TCTGCGATCTTCGCCAGAGCC
TAACGGATGCTTCTTCGCTTGTTACCAGACCT
AAACTGCCCGGGTGATTTTGGTTGCCCGTGC
TTCTGCCGACGGGCTACGTAAATCGCTGGTT
AACCTGTTCCATCGTCTGTGCGGACGTCCGG
CGAAAAGCCAGAACCCGACGCATCCCAGGTAA
CGTTCACTTCGTTCTGTCGTACTCATACACT
GCTCGCCGGGAAAGTTTCTGCGCTTTTGATT
TCCGGATAACCGTTCGCGGTTGATTTCGAGT
GCGCGTTTGAAGACCTTGCTGGCTGTCACGCC
TTCTGATATGATTTATCAGTCTGTGTTTGTCA
TTCCGCATGCGCGGCACGATGTTTTTCATAGA
GGACAAGCATGCGTCCTGCTCACGGTCAAAG
CGCCTCACTTGCCCGTGTTCCGGCATGTTGTT
TGACAGGAAACTTAGCACCTGCTGTACCTGCG
TGTGCACGATTTACTGGCTGA
ATGCAGCCAGCACGTGTGCTCATCTTTCCTTCCCGTTC
CCTGCCACATGCCCAGACTCTGGCGACACTCC
GCTCCATTGTGGTTACCATATACCGCCAATA
TAATGCACGGATATCCTCAGTAATGTAGAT
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TTGGATGTTTTTCTGAGGCCTGCGATTACCA
TTCACAACATGTCAAATTTTCATGACTTCCCT
CTGCAATACTTCTGCTTGTGCTGGAGATCGA
TTGGCTGAATTGCAGTTGCTGTACTGCGTG
CGCGTCTGAATATCCTCGTTTTCTACTACGATTGGTTTGG
TGACCACTTAACGCCACAGGTTCTACCGGAC
GCCTGTATAAGCTCTAATCGCGGCCGGAACA
GCCTACACGCATCCTTTTAACTCGTCCGTCA
ATTACCACAAAGCCAGTTATTAGGTTAGCCC
GAACAACATCCTGCTGAATAAAAGCTGATGG
AAACACACACTTCCAGGGTTAGTTCATCCAC
AGCGACCATGCCATTTTTGCTGAGTCCCCCA
GTCACCTAAGCAGGCGGAAGGATCATCCGGT
TGGTCTAAGCTGCGGTTGCGT
AGTTTGGCCGGGCTCCTGTCTCCGCTTCGTC
CAGAAGTTGTCCTGGCCGGAGAAATACCGAAT
GCACACACATGTCGCGAGCCAGAGCAAATTC
CGTTCACGCATCAGGCGTCTTTAACTGGCCT
ACCCAGCAAAATTCGGTCACAACCAAGGTTAG
TGCGATAGTCTTCACCTTCCCTGACTGCGGT
TCTGCGGCGGTCAGGTCGGTGAGATCCAGCC
CTTGCTGCCGCTCTGTCCAAGCTCGAGAGAC
TTCACCACAGAAAGGTTTGGTTCCTCCTGTTT
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TTAAAAACCGCTCTGCTAACGACATTTATC
CCCGTTTCATAGCTCCGCAAATATGCTGACGT
GGTCATCTGCTGGTTGCCTGCCCGTCGCTTTT
GCAGGCCTTTCCCGGCTGTATCCATGAAAACG
CTCCCCCACTTTAATGCAAACCGATATGTCA
ATTTCAAACTTTCTGCCGGTATATCCCAGAAC
AATAGCGTCAACCTGACCGGGTTGATATCAAC
TTGGGTCTCCATAGCTCATACCGTATAACCAT
TCCTGAATGGTTGGCTGGTC
CGTAAACCATATCCAGAGCCAGTCTCCCATCTCG
CTTTCCACTCAACCAGCTCGCTGACGCTTATCGCGG
Circular Circuit Structure
Scaffold: M13mp18, design is 7222 base pairs long
Staple sequences:
TTGCCTGAGTAGAAGAACTCAAACTATACTTCTT
ACCACCAGAAGGAGCGGAATTTTGTTTGG
TGATTAGTGCCGATTAAAGGGATTGCGCTTA
GTTGTAGCAATCGGCCTTGCT
ACGCAAATACGCCAGAATCCTGAGCGGTCACG
ATTAGGCCACCGAGTAAAAGAGTCTGTCCATC
ATCCTGAATCATCATATTCCTGATTATCAGATG
ATGGCAATTCAAACCTACCATATCAAACGTCAGAT
CGTGCTTTCCTCGTTAGAATCAGAGCATGGTTGC
196

AGTGATACTTCTGAATACATCGGGAGTAGGG
TTTGACGAAATCGGAACCCTAAAGAGTCCAC
CGCGTACTGGGAGCTAAACAGGAGAATAACATCAC
ATGCGCCGAGAGCTTGACGGGGAA
CACCCGCCTTAGACAGGAACGGTTAACC
CTGCGCGTGAGAAAGGAAGGGAA
CGCTGGCAAGTGTAGAAGTGTTTTTATAATC
GTACCTTTTAATGGAAGGGTTAGTCAATATA
GAATATATTTGAATACCAAGTTATTTTAATGGAA
AGGTTTAAATTATTTGCACGTAAAACAGAAATAA
AGAAATTGCGTGCGAATTATTCATTTCTTACATTT
ACCCAAATCAAGTTTTTTGGGGTCGAGGTCAAAGG
TAAAGCACTAGCACGTATAA
AGCCGGCGAACGTGGCAACCACCA
GAAAGCGAAAGGAGCGGGCGCAAACAATAACG
GATTCGCCTGATTGCCAGTAACA
GCGAAAAACGGCAAAATCCCTTATGTCCACGC
TATTAAACCGAGATAGGGTTGACCGCCTG
GTTTGGAACAAGGGAGCCCCCGATTTCTACAGGG
ATTACCTTCAAAATCGCGCAGAGAGATTTTC
AACAATTTGAATAACCTTGCTTCTGAGAAGA
AAAATTAAAATTACCTGAGCAAAAGAAGATGATG
AAACAAACATCTTAATTAATTTTCCCTTAGAA
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TTTGATGGTGGTTCCGAAATCCGTCTATCA
AGAATAGCGAACGTGGACTCCAACGTGCCG
ACAGTACATACATAGGTCTGA
TGGTTTGTTTGCGTATTGGGCGCACTCACA
GCCCTGAGTTTCACCAGTGAGACGGGCAACAGCTG
ATTGCCCTTCAGTGTTGTTCCA
ATCAAAATAATCAATATATGTGAGTCATTTGA
GTCAATAGAGGTTGGGTTATATAAGACCGTGTGAT
TAAGACGCTGTAAATCGTCGCTAAAGAAAAC
TCCTTGAAAACATAGCGATAATGCAAATC
CCAGCTGCATTAATGAATCGGC
CAACGGCTTTCCAGTCGGGAACACAATTCC
TTTCTAGAGTTGCAGCAAGCGAAATCAAA
GAGACTACCTTTTTAACCTCCGGCTTTGAATTT
CAATCGTTCTGACCTAAATTTAACCGGA
AAAGAACGCGAGAAAACTTTT
CACTGCCCCGCGGGGAGAGGCGGCCCCAGCAGGCGAAAATCCTG
TTAATTGCTAAAGTGTAAAGCCTGGGGTGCCTAA
TGAGTGAGCTACAGGGTGGTT
GAAATACCCTATATGTAAATGCTGGCTTAGAT
TCAAATATATTAGTATCATA
GTTATCCGCTACCTGTCGTG
ACACAACGGTCATAGCTGTTTCCGAGGATCCC
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AAATAAGGCGTTAAATAAGAATAAACATGGTTT
ATCATAATTAAAGCCAACGC
AGCCTGTTTTTAGTTAATTTCATCCAAGAC
TTCGTAATCATATACGAGCCGGAAGCAGTTGCGCT
TGCGTTATACACCATATTTAAC
GGTCGACTCTATGTGTGAAATT
CGGGTACGCCAGTGCCAAGCTTGGCCAGGGT
TCAACAGTAGGGCATTTTCGAG
GAGAATCGAATTCTTACCAGTATACTAGAAAA
GTAAAACGACGCGAGCTCGAA
AACGCCAACAGACAAAAGGTA
AGTTGGGTAACCATGCCTGCA
TTTCCCAAAGGGGGATGTGCTGTCGGTGC
CCAGTAATAATAAACAACATG
AAAGTACCTGTAATTTAGGCAGAGGCTTAATT
CCAGCTGGCGAGTCACGACGTT
AAGTAATTCTGTATCAACAATAGATAACAAAATAA
GGGCCTCTCGTTAATATTTTGTTAACAGGAA
TTCAGCTAATGCCAAATAAGAA
CGCCTGTTTCCAGACGACGACAAGAGAATAT
CATTAAATCTGTTGGGAAGGGCGACAAGGCGATTA
TAAATTGTAAATCGCTATTACG
ACAGCCATGAAAATAGCAGCCTTTAATAAG
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GATTGTATAAAGCTAAATCGGTTGAGAATTAG
ACGATTTTTTGTTCATATGGT
CAAAAATATTATTTATCCCAATCAGAACG
CATTATCAGAAAAGCCCCAAAAAAATTCG
CCTCAGAGCATAAGCAAATATT
TTTATTTTGTCATTCAACCG
AGGCAAGGCAATACCAAAAA
CAAAATTATAGCATTAACATCCAACGAGCTGA
TTACCAGCGCCGGAAATTATT
AAGGGCGACACAATCAATAGAAAATTTAACGT
ACTAATAGTAGAGCAATAAAG
ATTGAGGGAGGGACTTGAGCCA
CATTTGGGGCGTAAATCATAC
AAAGGTGGTCAATAACCTGTTTTAGATTT
CATTAAAGGTGCCAGTAGCACC
CCGTCACCGAAGGTAAATATTGACAAAGACAA
TTTCGCAAATGGCATCAATTCT
TTTGGGAATTCACCAATGAAA
CTGCGAACGAGAGCTATATTTT
AGTTTGACATTCCATATAACAGTTGGTCATTT
ATTACCATTAAGCGACAGAA
GGAAACGTAGAGCCAGCAAAATCAAATTATCA
AGTACGTGCTGAATATAATGCTACCAG
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ATGTTTTAAATATGCAACTAA
TCAAGTCCCCCTTATTAGCGTTCTCCCTCA
CCATCGATAGCTCAAAATCAC
TTTTGATAAGAGATTCCCAATT
TTGCGGAGATTAGAGAGTACCTTTAATTGCTCC
AGCTTAATGTGTCTGGAAGTTTCCATTAGATACA
GTTTTCATCGGACCCTCAGAGCCACCAGAGGTTGA
GTCATAGTTGCCTTTAGCGTCAGACTGTAGCGC
TTTCATAAAGCACCGTAATCAGTGCAAGGCC
ACCGGAAGCACTGACTATTATAGTCATGCTTTAA
AAAGACTTCAAATATCGCGTTTTAATGCATCAAA
GAGCCGCTATTCACAAACAAATAAATC
CGGAACCAGAGCCACCACCGGAACCGCTGCCATCT
ATCAAAAATCAGGTCTTTACCAACTCCAACAGGTCAGTGGCTTAG
AGCGGATTTCGAGCTTCAAAGCGAGTAGCTCAAC
AAGATTAACGTCATAAATATTCATAAATGTTT
ACCAGAGCCGCTTGATGATAC
TTGACAGCCCTCAGAGCCGCCACCAGAACCACC
GGCAGGTCTTTACCGTTCCAGTAAGGGGTCA
GGCCTTGACACCCTCAGAACCGCCCATTTTCG
ACAGTTCAAAAAGAAGTTTTGCCGACGA
TACTGCGGAATGAGGAAGCCCG
CTCATTAAAGCCAGAATGGAATAAACAGTTAA
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GAGGCTTTTGCGAAAACGAGAATGACCATAA
TAATAGTATGAATCCCCCTCAAAGAAGCAA
AGACTGGAAAGAGCAACACTATCAATGCGATT
AGGAGTGTACTAGACTCCTCAAGAGAAAGGGTTG
GTTTTAACGCGTCATACATGGCTTCGCCAGCA
GTGCCTTGTATTCTGAAACATGAAGTATCACCGTA
TGCCCGTAAGCGCAGTCTCTGAAAGACGATT
CGATAAAAACCAAAATAGCGA
CATAACGCCAAAAGGAGTCAGGAC
TTAGGAATACCACATATAAAACG
GGTTTTGCTCGAAAGATTCATCAGTTGAGAT
TGCCCCCTGCCTATTTCGGAACCTATAGTAACAG
TGAATTACCTTTAACCCTCGTTTACCAAGAGGGGG
TTAAGAATGGTTTAATTTCAACTTTAATCATTG
TTATACCAATTACGAGGCATAGTTAGCGTCCAA
GTTGGGAAACACCAGAACGAGTAGCAGGCGCA
CTACGTTATCAACTAATGCAGATA
AACTAACGATTCAGTGAATAAGGCAGTAATCT
AGGTAAGTACCAGGCGAGAGCCACCACTCAA
CCGTCGAGGGATTAGGATTAGCGG
ATATAAGTCAGAACCGCCACCCTCATAGGAACCCA
GAATAGGTAGTATTAAGAGGCTGGGTAATAA
CGTAACAAAGCTGCTCGAACAACATTATTAC
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CTCAGGAGGTTTAGTACCGCCACCCTATAGCCCG
GGTGTACAGACTAAATTGGGCTTGAGACTGGCTCA
TAGGCTGGCCAACTTTGAAAGAGGACAGATGAAC
TCAAGTTGCCCTGACGAGAAGAAAAAT
TGACAAGAACCGGATATTCATTACCCAAACCT
CATTTTCACAGTACAAACTACAACGCCTG
AAGCCCAAGAACCGCCACCCTCGATAAGTG
AACCGAACTGACTGACCTTCA
TGTACCGTAACACTGAGTTTCGTCACGGGATAGC
ATTTTGCCAACAGTGCCACGCTAAAACAG
TTATTAATTGAAAAATCTAAAGCATAAAAATA
GACAACTCTCAAATATCAAACCCTGCGCGAAC
ATTTAGAACAGTTGGCAAATCAACCAATATTT
TAGAGCGGAAGGTTATCTAAAGACCTGA
AGCACTAACAACTAATAGAT
AACACCGCCTGGGAACAAAGAA
GCAGCAAATTTAAAAGTTTGAGTAACATTATC
GCTGAACCGTATTAAATCCTTTGCCCGAACG
ATCTGGTGTATTAGACTTTACAAACAATTC
GGAATTGACGTCAATAGATAATACATTTGAGG
AGGTGAGGAGAACAATATTACCGCCAGCCATT
CCGAACGAAAAAACGCTCATGGAAATACCTA
TGATAGCCCGCTCAATCGTCTGAAATGGATT
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TTGAATGTGGCAGATTCACCAGTCACACGAC
AAGCGTAAAAAAGGGACATTCTGGCCAACAGAGAT
AGAACCCTTCTATATCTTTAGG
GGTAATATCCCGGTCAGTATT
GCAACAGGACCACCAGCAGAAGATGAGAGCCA
CATTTTGACTAAAACATCGCCATTCACCTT
ATTTACATGCTATTAGTCTTTAATCAATCAAT
CAGTAATGAATACGTGGCACAGAAGTTGAAA
ATGTTACTTAGCCGGAACGAGGCGCGGGATCG
ATAAATTGTGTCGAAATCCGCGACCATCGGAA
AAAGTACAACGGAGATTTGTATCCTTTGAG
TGACCCCCAGCGATTATACCAAGGTTTCCAT
AAGAGGCAAAAGAATACACTAAAACACACTACGA
GGAGTTAAAGGCCGCTTTTGCAGACGGTCAATCATAAGGG
TCACCCTCCGCATAACCGATATATCATAGTT
CGAGGGTAGTTGCGCCGACAATGAGTCTTTCC
GACTAAAGGGTGAATTTCTTAAACGTATGGGA
TAAACGGGTAATTGTATCGGTTTTTTCAGCG
AGGCACCATCTCCAAAAAAAAGGTAAAGG
ATCGCCCAAGCAGCGAAAGACAGCTGCTCC
TACCGATAGCAACGGCTACAGAGGATCGCCTG
GCTTTCGAACTTTTTCATGAGGAACGCGAAAC
GGAGCCTTTAAAATACGTAATGCCTCATCTT
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CACGTTGAAAAACCTAAAACGA
TAGCATTCCACAGACAGCCCTTCGGTCGCTGAGGCTTGCAG
AGCGTAACGATCTAAAGTTTTGTCCAACAACC
AGACGTTAGTAAATGAATTTTCTAGCTTGA
TTTTGCTAAACAACTTTCAACAGATCAGCTT
GAGTGAGAATAGAAAGGAACAACCTCCAAAA
AATTGCGAATAATAATTTTTT
CCCATCCTAGCGTCTTTCCAGAGAAAAACAG
TCAATAAAATTTTATCCTGAATTAACTGAA
AAGAACGGTCAAGATTAGTTGCTAAATTGAGC
ATCGAGAACCCGACTTGCGGGAGGCAAGAATT
CGTAGGATTCTAAGAACGCGAGAGAAACAA
GCCAGTTAGTCCTGAACAAGAAAAATAATAT
CGCTAACGAATTTACGAGCATGTAGAAACCAA
CCAGCTACTCGGCTGTCTTTCCTTATCATTCC
CCTTAAAGTATTAAACCAAGTACCGCACTC
GCGAACCTCAAGCAAGCCGTTTTTATTTTCAT
ATCCGGTAATCATTACCGCGCCCAATAGCAAGCA
AATCAGATATACGAAGCCCTTT
GGAAGCGAACATATAAAAGAAACGCAAAGA
CACCCTGACAAACGTAGAAAATACATACATA
GCTAATATGATTAAGACTCCTTATTACGCAG
GAGTTAAGAATAATAACGGAATACCCAAAAGA

205

TGAAATACAAAGTTACCAGAAGGAAACCGA
CACCACGGACAGAGAGAATAACATCCTAATTT
AAGGTGGCCATTAGACGGGAGAATCTTACCAA
TATGTTAGACAAAGTCAGAGGGTTTTTGCAC
ACTGGCATCAGAGAGATAACCCATTTTGAAG
GGAAACGCCCCAATAATAAGAGCAGCGTTTTA
GCCGAAGCAATAGCTATCTTACGAAGGCTT
TTAAGAAAAGTAAGCAGATA
GTCACGTTGGTGTAGATGGGCGCATCGTAA
CCGTGCGTGGGAACAAACGGCTTAATGCC
GACAGTATTGTGAGCGAGTAACAGATCTACA
GCCAGCTTCCTTCCTGTAGCCAGCAGTCTGG
AAACCAGGAGGAACGCCATCAAAAGTAATCGT
CTGCGCAATTTTGTTAAATCAGCTACCCCGG
GATTCTCCATCTGCCAGTTTGAGGGGACGAC
ACATTAAACGGCCTCAGGAAGATCGCACTCCA
GCGTCTGGTCCGGCACCGCTTCTGGTGCCGG
TAACCAATCAAAGCGCCATTCGCCATTCAGG
CAACCGTTCTAGCTGATAAAGGATTGACCGTAATGGGATAG
GGAGAGGGAGGCCGGAGACAGTCAAATCACCATCAATATGATATT
AAGGCTATATGTGTAGGTAAAGATTCAAAAGG
AGCAAACACCTCATATATTTTAAATGCAATG
AAAACTAATTTCAACGCAAGGATAAAAATT

206

TTGATAATGACCCTGTAATACTTTTGCGGGAG
GTGAGAATAGCTATTTTTGAGAACCCGTCG
CCTGAGTACAGGTCATTGCCTGAGTTTCATCA
TTTAGAACAGAGAATCGATGAACGATAATTC
AAGCCTTTGCATGTCAATCATATGTCATTTTT
Long Bar Design
Scaffold: M13mp18, design is 7085 base pairs long
Staple sequences:
The staple strands on one half of the structure (110 in total) were modified to contain an
extra 10 adenines on the 3’ end of the strands. The rest of the staple strands (117 in total) on the
other half of the structure were modified to contain an additional GTGCGTGT sequence on the
3’ end of the strand. These staple strands with the additional nucleotides were ordered and used
to fold the DNA origami structure.
TTGCCTGAGAGTCTGGAGCAAACAAGGAGAGATCAAAAAAAAAA
AAACTAGCTAAATTAATGCCGGAGCGGGGTTTAAAAAAAAAA
GATAATCACATCAATATGATATTCGCCGTCGAAAAAAAAAAA
TTGTATAAGGGTGAGAAAGGCCGGGAATAGGAAAAAAAAAA
TAATATTTGCCTGAGTAATGTGTAGTACCGAAAAAAAAAA
TGTTAAATTTTTTAGAACCCTCATGAACCGCCAAAAAAAAAA
AACGCCATAGAAGCCTTTATTTCATTTCAGGGAAAAAAAAAA
CCTGTAGAAACATTATGACCCTGTGTACCGTAAAAAAAAAA
GAGCGAGTTCAGAGCATAAAGCTCAAACTACAAAAAAAAAA
GGAACAAACAAAGAATTAGCAAAGCCCTCAAAAAAAAAAA
207

AGGTCACGGCATTAACATCCAATATTGTCGTCAAAAAAAAAA
ACCGTGCAAAAGGTGGCATCAATTTTTCTGTAAAAAAAAAAA
CAGTATCGTAGCTATATTTTCATTAACAGTTTAAAAAAAAAA
CCAGCTTTGATACATTTCGCAAAACAACTAAAAAAAAAAAA
AACCAGGCCTGCGAACGAGTAGACACGTTGAAAAAAAAAA
TGCGCAACGTTTCATTCCATATAAAAAGGAGCAAAAAAAAAA
GGCCTCTTTAAATATGCAACTAAACTTGCTTTAAAAAAAAAA
GGGGATGGCTGAATATAATGCTGTGATACCGAAAAAAAAAA
TACAAAGGTGAGACTCCTCAAGAGAACCTATTATTCTGCTTTTACAAAAAAAAAAA
TATTTTTAGAATCGATGAACGGTAATCGTAAAAAAAAAAA
CTAGCTGAATGTCAATCATATGTACCCCGGTTAAAAAAAAAA
CAAATCACGAAAAGCCCCAAAAACAGGAAGAAAAAAAAAAA
ATTCAAAAGCAAATATTTAAATTGTAAACGTAAAAAAAAAA
AATGCAATTGTTAAAATTCGCATTAAATTTTAAAAAAAAAA
ATAAAAACAGCTCATTTTTTAACCAATAGGAAAAAAAAAA
TTTGCGGGCAAAAATAATTCGCGTCTGGCCTTAAAAAAAAAA
TGTACCAACCAGCTTTCATCAACATTAAATGTAAAAAAAAAA
ATAAAGCCAACAACCCGTCGGATTCTCCGTGAAAAAAAAAA
AGGCAAGGCGGCGGATTGACCGTAATGGGATAAAAAAAAAA
AGTAGTATTGGTGTAGATGGGCGCATCGTAAAAAAAAAAA
CGAGCTGATCTGCCAGTTTGAGGGGACGACGAAAAAAAAAAA
AACCTGTTGCCTCAGGAAGATCGCACTCCAGAAAAAAAAAA
GACCATTACCGGCACCGCTTCTGGTGCCGGAAAAAAAAAAA

208

TCCCAATTAAAGCGCCATTCGCCATTCAGGCAAAAAAAAAA
TCTGGAATGTTGGGAAGGGCGATCGGTGCGAAAAAAAAAA
ACATGTTTCGCTATTACGCCAGCTGGCGAAAGAAAAAAAAAA
GCTTAATTTGCTGCAAGGCGATTAAGTTGGGTAAAAAAAAAA
TATTAAGAGGCCTATCAGGTCAAAAAAAAAAA
TGCTCAGTTATAAACAGTTAATGGCCTGATTAAAAAAAAAA
GAGGGTTGAACGGGGTCAGTGCCTTCGCGCAGAAAAAAAAAA
TGTATCACATGATACAGGAGTGTACTGAGCAAAAAAAAAAA
CCACCCTCCCGTTCCAGTAAGCGTAAGAAAACAAAAAAAAAA
ACCCTCAGCCAGAATGGAAAGCTCATTTGAAAAAAAAAAA
ATAGCAAGGATATTCACAAACAATACATAAAAAAAAAAAAA
AACACTGAAGGAGGTTGAGGCAGGTTGCTTCTAAAAAAAAAA
AACGCCTGAACCACCACCAGAGCCTTCCCTTAAAAAAAAAA
TAGTTAGCTCAGAGCCACCACCCTGCTTAGATAAAAAAAAAA
TTTCCAGCTCAGAGCCGCCACCGTGAATTTAAAAAAAAAA
TGGGATTTCGGAACCAGAGCCACCTACCTTTAAAAAAAAAA
CAGCGGAGAGCGTTTGCCATCTTTTATATAACAAAAAAAAAA
AGGAATTGCATCGGCATTTTCGGTCAATCGCAAAAAAAAAA
AAAATCTCTTGCCTTTAGCGTCAGTTTCAAATAAAAAAAAAA
CTTTAATAGCACCGTAATCAGTTGACCTAAAAAAAAAAAA
CGAGGTGACGGAAACGTCACCAACGTGTGATAAAAAAAAAA
ATAGTTGCATCACCAGTAGCACCAAACACCGGAAAAAAAAAA
CTATTTCGGAAGGATTAGGATTAGAGGGTAGCAAAAAAAAAA

209

AGTGCCCGACCAGGCGGATAAGTAACCGTTAAAAAAAAAA
AAGTTTTATATAAGTATAGCCCGAGACAGTAAAAAAAAAA
GGCTTTTGCGTACTCAGGAGGTTTAGGTAAAGAAAAAAAAAA
TGAATTTAAGAACCGCCACCCTCAATATTTTAAAAAAAAAAA
TCATTAAAGAGCCACCACCCTCATACGCAAGGAAAAAAAAAA
TTGGCCTTCCCAATAGGAACCCATAATACTAAAAAAAAAA
CATTGACGTTTCGTCACCAGTAAAATCGGTAAAAAAAAAA
GCCACCAGTAGCATTCCACAGACAATTAAGCAAAAAAAAAAA
CGCCACCCGTAACGATCTAAAGTTAATCATACAAAAAAAAAA
CCGCCTCCACGTTAGTAAATGAATCTACTAATAAAAAAAAAA
AAAATCACTGCTAAACAACTTTCTGGGGCGAAAAAAAAAA
CCTTATTTGAGAATAGAAAGGATGGTCAATAAAAAAAAAA
CGCGTTTTCGAATAATAATTTTTTTTTAGTTTAAAAAAAAAA
AATCAAGTCAAAAAAAAGGCTCCACAGTTGATAAAAAAAAAA
TCGATAGCTGTATCGGTTTATCAGGTACGGTGAAAAAAAAAA
AGCAAGGCATTTCTTAAACAGCTTAGCTCAAAAAAAAAAA
CAGCAAAGCCGACAATGACAACGGCTTAGAAAAAAAAAAA
AGTAACAGTACAAACATGAAAGAAAAAAAAAA
TCGGGAGATCAGGTTTAACGTCAGATGAATATACAAAAAAAAAA
GCTTTGAATAAAACAGAAATAAAGAAATTGCAAAAAAAAAA
AGGCGAATTAGAACCTACCATATCAAAATTAAAAAAAAAAA
AAAGAAGAGTTTGGATTATACTTCTGAATAATAAAAAAAAAA
AAAATTAATGATGGCAATTCATCAATATAATAAAAAAAAAA

210

ATTACCTTGCGGAATTATCATCATATTCCTGAAAAAAAAAA
TCAATATAATTTTGCGGAACAAAGAAACCACAAAAAAAAAA
GTAAATCGTATTAATTTTAAAAGTTTGAGTAAAAAAAAAAA
AGAATCCTGACAACTCGTATTAAATCCTTTGCAAAAAAAAAA
TAAGACGATTTAGAAGTATTAGACTTTACAAAAAAAAAAAA
ATCAAAATTTAGAGCCGTCAATAGATAATACAAAAAAAAAA
TTAACCTCAATATCTTTAGGAGCACTAACAAAAAAAAAAAA
TATATGTACAGTTGAAAGGAATTGAGGAAGGAAAAAAAAAA
AAGACAAACTCAATCAATATCTGGTCAGTTGGAAAAAAAAAA
ATATTTTCATCACCTTGCTGAACCTCAAATAAAAAAAAAAA
ATTTAATGTGAGAGCCAGCAGCAAATGAAAAAAAAAAAAAA
AAATAAGGAGTATTAACACCGCCTGCAACAGAAAAAAAAAA
AATCATAACAGCAGAAGATAAAACAGAGGTGAAAAAAAAAA
GTAGATTTAACAATAACGGATTCCCCCCTGCAAAAAAAAAA
TTTGCACGTACCAAGTTACAAAATGAGTAACAAAAAAAAAA
GGAAGGGTTATTCATTTCAATTACCTGGTAATAAAAAAAAAA
CCTGATTTGATGAAACAAACATCCATACATAAAAAAAAAA
ATTATCAGATTACATTTAACAATTGCAGTCTCAAAAAAAAAA
CAGAAGGATTTTAATGGAAACAGATAAATCCAAAAAAAAAA
ACATTATCTGTGAGTGAATAACCTCAGACGAAAAAAAAAAA
CCGAACGTTCGCTATTAATTAATTGCCGCCAGAAAAAAAAAA
ACAATTCTGAAAACATAGCGATACAGAGCCAAAAAAAAAA
ATTTGAGGCTGAGAAGAGTCAATACTCAGAACAAAAAAAAAA

211

CTAATAGACATAGGTCTGAGAGACACCGGAAAAAAAAAAAA
TTATCTAACGGCTTAGGTTGGGTTCATAATCAAAAAAAAAA
CAAATCAAAATGCTGATGCAAATCCATAGCCCAAAAAAAAAA
TCAAACCGAACGCGAGAAAACTTACTGTAGAAAAAAAAAA
ATCTAAAGAGTTAATTTCATCTTCAGCGACAGAAAAAAAAAA
TGCCACGCGTTTGAAATACCGACTGAAACCAAAAAAAAAAA
AGGCGGTCCGTTAAATAAGAATATTACCATTAAAAAAAAAA
CGAACCACTTACTAGAAAAAGCCTATTAGAGCAAAAAAAAAA
AACGCCAGGTCATTTTTGCGGATAACCATCGGTGCGTGT
AAAACGACGAGTACCTTTAATTGTCGCTGAGTGCGTGT
TGCAGGTCCCGGAAGCAAACTCCATTTTGCGGGTGCGTGT
CGAGCTCGCGTTTTAATTCGAGCTGACAGCATGTGCGTGT
TTTCCTGTTAAGAGGAAGCCCGAACAGAGGCTGTGCGTGT
TTCCACACTCAGAAGCAAAGCGGGAGGAAGTGTGCGTGT
GTGTAAAGAAAAATCAGGTCTTTAATGCCAGTGCGTGT
TAACTCACAACAGTTCAGAAAACGAAAGAGGCGTGCGTGT
CCGCTTTCAATATTCATTGAATCCTCTTTGACGTGCGTGT
CTGCATTGGATAGCGTCCAATACAAACAAAGGTGCGTGT
GAGGCGGTCCAGAGGGGGTAATACCTGATAAGTGCGTGT
TTTTTCTTATAGCGAGAGGCTTTTCCATGTGTGCGTGT
CTGATTGCCCCTCGTTTACCAGACCGGTCAATGTGCGTGT
AGTTGCAGACGAGGCATAGTAAGACTTTGAAAGTGCGTGT
CAGCAGGCCTAATGCAGATACATAACCAGGCGGTGCGTGT

212

CCGAAATCATCAGTTGAGATTTAAGAGTAATGTGCGTGT
AGAATAGCCGGAACAACATTATTACCCAAAGTGCGTGT
CCAGTTTGGAAGAAAAATCTACGTAGTGAATAGTGCGTGT
ACGTGGACAACTGGCTCATTATACCAGAACGAGTGCGTGT
GATAAGAGGGTTTTCCCAGTCACGACGTTGTGTGCGTGT
GGATTAGAGGCCAGTGCCAAGCTTGCATGCCGTGCGTGT
AACCAGAGACTCTAGAGGATCCCCGGGTACGTGCGTGT
AAATATCGAATTCGTAATCATGGTCATAGCTGGTGCGTGT
AAAAAGATGTGAAATTGTTATCCGCTCACAAGTGCGTGT
TATTATAGAACATACGAGCCGGAAGCATAAAGTGCGTGT
CATAAATCCCTGGGGTGCCTAATGAGTGAGCGTGCGTGT
TGCTTTAATTAATTGCGTTGCGCTCACTGCGTGCGTGT
TCGTCATACAGTCGGGAAACCTGTCGTGCCAGGTGCGTGT
TTTAGACTAATGAATCGGCCAACGCGCGGGGAGTGCGTGT
AAGTTTTGTTGCGTATTGGGCGCCAGGGTGGGTGCGTGT
AAACCAAATTCACCAGTGAGACGGGCAACAGGTGCGTGT
ATCATAACCTTCACCGCCTGGCCCTGAGAGGTGCGTGT
AAGGAATTCAAGCGGTCCACGCTGGTTTGCCCGTGCGTGT
ACATTCAAGAAAATCCTGTTTGATGGTGGTTGTGCGTGT
AAAGATTCGGCAAAATCCCTTATAAATCAAAGTGCGTGT
CGAACTAACCGAGATAGGGTTGAGTGTTGTTGTGCGTGT
ACGTTGGGAACAAGAGTCCACTATTAAAGAGTGCGTGT
ATTTTAAGTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGTGCGTGT

213

ATCATTGTGAATTACCTTTAATTTCAACTTTAGTGCGTGT
CCCACGCACTTGAGCCATTTGGGAGTTTAGTGTGCGTGT
GGCTTGCATTCATTAAAGGTGAATACCAGTATGTGCGTGT
GATCGTCAGGGAGGGAAGGTAACTTAATTGGTGCGTGT
CGGAACGACAAAGACAAAAGGGCCAACATGTGTGCGTGT
TTGAGGACATCAATAGAAAATTCAGCCAGTAAGTGCGTGT
TTCCATTAAGACACCACGGAATAAAAGGTAAGTGCGTGT
CTACGAAGATAAAGGTGGCAACATATAAACAAGTGCGTGT
AAAAGAACAGTATGTTAGCAAAGCCTGTTTGTGCGTGT
CCCCAGCGAGAACTGGCATGATTCAAGAAAAGTGCGTGT
TACAACGGCGAGGAAACGCAATAAAGCATGTAGTGCGTGT
ATTGTGTCAGATAGCCGAACAAAGTTTCCTTGTGCGTGT
TACTTAGCCTTACCGAAGCCCTTTCCAAGTACGTGCGTGT
CATAAGGGAGCAAGAAACAATGCCGTTTTTGTGCGTGT
GAGGACAGCCCACAAGAATTGAGCGCGCCCAGTGCGTGT
CATAGGCTAGGGTAATTGAGCGCTAGGCTTATGTGCGTGT
CTTGACAAAGAATTAACTGAACACTTTTAGCGTGCGTGT
TCAACGTAACATAAAAACAGGGATTGAAGCCGTGCGTGT
AGGCTTGAATGAAAATAGCAGCTTGCACCCGTGCGTGT
GTAGTAAAAAATAAGAAACGATTTTACCAACGGTGCGTGT
GTCACCGATAACCGATATATTCGGCTCCTTTTGTGCGTGT
GGAAATTAGGGAGTTAAAGGCCGCACAGGTCAGTGCGTGT
ACCGATTGACCCTCAGCAGCGAAATCAAAGCGGTGCGTGT

214

ACCAGCGCGGGTAGCAACGGCTAAGACTTCGTGCGTGT
TGTCACATAAAGACTTTTTCATATTGCATCGTGCGTGT
AAACGCAAAACGGGTAAAATACGTACCCTGACGTGCGTGT
ATACATACGCACCAACCTAAAACGAGAATGACGTGCGTGT
TTATTACGTACACTAAAACACTCACCCTCAAAGTGCGTGT
TACCCAAAATTATACCAAGCGCGTGCGGAAGTGCGTGT
AGGAAACAGATTTGTATCATCGGTAAAATGGTGCGTGT
AAGTAAGCGAAATCCGCGACCTGCTGCAAAAGGTGCGTGT
ATAGCTATCGGAACGAGGCGCAGAGACGATAAGTGCGTGT
AATAATAAGAACCGAACTGACCAAGCAACACTGTGCGTGT
AGAGATAAATGAACGGTGTACAGACGCCAAGTGCGTGT
AAGTCAGGGCTGACCTTCATCAGGAATACCGTGCGTGT
TAGACGGGGAACCGGATATTCATTACAGGTAGGTGCGTGT
AGAGAATAACAAAGCTGCTCATTCTAATAAAAGTGCGTGT
ACGTCAAACCCTGACGAGAAACACCAGTCAGGGTGCGTGT
CCAATCCTTGGGCTTGAGATGGTTATGCGGTGCGTGT
AAATAAACAGCCATATTAATTTGCCAGTTACAGTGCGTGT
ATCATATGAACATCGCCATTAAAAATACCGAAGTGCGTGT
AAAGCCATAGTCTTTAATGCGCGAACTGATAGTGCGTGT
AGAATCGCCGTGGCACAGACAATATTTTTGAGTGCGTGT
AATTTAGGAGAACCCTTCTGACCTGAAAGCGGTGCGTGT
TAAGAGAATAATAAAAGGGACATTCTGGCCAGTGCGTGT
AGTAATTCTACATTGGCAGATTCACCAGTCACGTGCGTGT

215

CATGTTCTTTGACGCTCAATCGTCTGAAATGGTGCGTGT
ATCAACAAACAGGAAAAACGCTCATGGAAATGTGCGTGT
ATAATATCATCCAGAACAATATTACCGCCAGGTGCGTGT
GAAACCAAAAGAACTCAAACTATCGGCCTTGGTGCGTGT
ATCATTCCTTGATTAGTAATAACATCACTTGCGTGCGTGT
CGCACTCCACGCAAATTAACCGTTGTAGCAAGTGCGTGT
ATTTTCATGTGAGGCCACCGAGTAAAAGAGTGTGCGTGT
ATAGCAAGGCCAGAATCCTGAGAAGTGTTTTGTGCGTGT
CCGGTATTCGATTAAAGGGATTTTAGACAGGGTGCGTGT
GAACCTCCGTTAGAATCAGAGCGGGAGCTAAAGTGCGTGT
TTAAATCCTTTGACGAGCACGTATAACGTGCGTGCGTGT
AGCTACAAATGCGCCGCTACAGGGCGCGTACGTGCGTGT
CTAACGAGCTGCGCGTAACCACCACACCCGCGTGCGTGT
GCCCTAACGTTATACAAATTCTTTATCACCGTGCGTGT
ATGGCTATACGCTCAACAGTAGGGATATTGACGTGCGTGT
TAAGAATACATATTTAACAACGCGACATTCAGTGCGTGT
ACAGAGATCAGAGGCATTTTCGATATGGTTTGTGCGTGT
ACGACCAGTATAAAGTACCGACAAGTTTATTTGTGCGTGT
GATTATTTGTCCAGACGACGACAATAAAAGGTGCGTGT
ACCTACATAGCTAATGCAGAACGCCGTAGAAAGTGCGTGT
CCATTGCATAGATAAGTCCTGAAAAGACTCCGTGCGTGT
CTGGTAATCCATCCTAATTTACGTAACGGAAGTGCGTGT
CTGAGTAGTCAATAATCGGCTGTCTTACCAGAGTGCGTGT

216

TACTTCTAAGAACGGGTATTAAATTAAGAAGTGCGTGT
CTGTCCATATCGAGAACAAGCAAGAAATAGCAGTGCGTGT
TATAATCACGTAGGAATCATTACTTAAGCCCGTGCGTGT
AACGGTACCAAATCAGATATAGAAATATCAGGTGCGTGT
CAGGAGGCCTAAGAACGCGAGGCGCCTGAACAGTGCGTGT
TTTCCTCCGACTTGCGGGAGGTTAGCGCATGTGCGTGT
TATGGTTGAAGATTAGTTGCTATTCTTTACAGGTGCGTGT
CGCGCTTATTTTATCCTGAATCTTTTGTTTAGTGCGTGT
CGGTCACGCGTCTTTCCAGAGCCTATTTATCGTGCGTGT
GCGCTAGGGCGCTGGCAAGTGTAGGTGCGTGT
Adjusted M13mp18 Rectangle for Linking Into Long Chains
Staple strands were modified to contain 8-base overhangs that link directly into the
opposite side of the bar structure. The rest of the staple strands were unmodified.
Original, unmodified DNA staple strands:
CCCCAGCAGGCGAAAATTCGTAATCATGGTCAT
ACAATTCCACACAACCCGCCTGGCCCTGA
ACAGCTGATTGCCCTTCAATACGAGCCGGAAGCAT
GCTAACTCACATTATATTGGGCGCCAG
CGGGGAGAGGCGGTTTGCGATTGCGTTGCGCTCACTG
CCCGCTTTGAAGGGCG
TGGCGAAAGGGGCCTAATGAGTGA
AAAGTGTAAAGCCTGGGGTGGATGTGCTGCAAGGCGATTA
ACGTTGTAAAAGTTATCCGCTC
217

AGCTGTTTCCTGTGTGAAATTCGACGGCCAGTGCCAAGCTTG
CATGCCTGCAGGTCGACACGGCGGATTGACCGT
CATCGTAACCGTGCATTTTCCCAGTCACG
AGTTGGGTAACGCCAGGGTCTGCCAGTTTGAGGGG
CTCCAGCCAGCTTTCTATTACGCCAGC
ATCGGTGCGGGCCTCTTCGCCGGCACCGCTTCTGGTG
AATGGGATAGGTCACGTTGGTGTAGATGGGCG
ACGACGACAGTATCGGCCTCAGGAAGATCGCA
GGTGGTTTTTCTTTTCACCAGTGAGACGGGCA
GAGAGTTGCAGCAAGCGGTCCACGCTGGTTTG
Modified staple strands:
CTGTCGTGGGTACCGAGCTCGAATCCTGTTT
GCGCAACTGTTGGCCAGTCGGGAAAC
GGGAACAATCTAGAGGATCCCCGTTCAGGCT
CCGGAAACCAGGCAAAGCGCCATTCGCCATTCTCCGT
GATGGTGGCCAGCTGCATTAATGAATCGGCCAACGCG
Adjusted M13mp18 Rectangle for Surface Placement
Modified sequences contain additional nucleotides on the 3’ end of the strand. Modified
staple strands were used in place of the original staple strands when folding the DNA origami
structures.
Original, unmodified DNA staple strands:
CCCCAGCAGGCGAAAATTCGTAATCATGGTCAT
ACAATTCCACACAACCCGCCTGGCCCTGA
218

ACAGCTGATTGCCCTTCAATACGAGCCGGAAGCAT
GCTAACTCACATTATATTGGGCGCCAG
CGGGGAGAGGCGGTTTGCGATTGCGTTGCGCTCACTG
CCCGCTTTGAAGGGCG
TGGCGAAAGGGGCCTAATGAGTGA
AAAGTGTAAAGCCTGGGGTGGATGTGCTGCAAGGCGATTA
ACGTTGTAAAAGTTATCCGCTC
AGCTGTTTCCTGTGTGAAATTCGACGGCCAGTGCCAAGCTTG
CATGCCTGCAGGTCGACACGGCGGATTGACCGT
CATCGTAACCGTGCATTTTCCCAGTCACG
AGTTGGGTAACGCCAGGGTCTGCCAGTTTGAGGGG
CTCCAGCCAGCTTTCTATTACGCCAGC
ATCGGTGCGGGCCTCTTCGCCGGCACCGCTTCTGGTG
AATGGGATAGGTCACGTTGGTGTAGATGGGCG
ACGACGACAGTATCGGCCTCAGGAAGATCGCA
CCAGCTGCATTAATGAATCGGCCAACGCG
GGTGGTTTTTCTTTTCACCAGTGAGACGGGCA
GAGAGTTGCAGCAAGCGGTCCACGCTGGTTTG
Modified staple strands:
GGTACCGAGCTCGAATCCTGTTTGATGGTGGAAAAAAAAAA
TTCAGGCTGCGCAACTGTTGGCCAGTCGGGAAACCTGTCGTGAAAAAAAAAA
TTCTCCGTGGGAACAATCTAGAGGATCCCCGAAAAAAAAAA
CCGGAAACCAGGCAAAGCGCCATTCGCCAAAAAAAAAAA

219

Adjusted Branched “T” Shape for Nanoparticle Attachment
Modified sequences contain an additional ten adenines on the 3’ end of the strand. Any
staple strand that was modified for the structures was used in place of that particular original
staple strand when folding the DNA origami structure. The following sequences are given as the
original sequence and color-coded to indicate which were modified for certain seeding and
metallization tests.
For the “T” structure with attachment sites across one half of the top of the “T”, the green
and blue staple sequences were modified, reordered, and the modified staples were used in place
of the original strands. For the attachment sites along the entire top of the “T” structure the
green, blue, orange, and red staple sequences were modified and used in place of the original
sequences. For the “T” structure with attachment sites along the top with about a ~100 nm gap,
the green and red staple sequences were modified and used in place of the original sequences.
The black sequences were not modified in any of the DNA structures.
GGTAGAAAGTCTATCAG
TACCACATACGTGGACTCCAACGTCAAAGGGC
CAAAAGGATCCAGTTTGGAACAAGAGTCCACT
ACTATCATAAAGAATAGCCCGAGATAGGGTTG
AAAAACCAGTTCCGAAATCGGCAAAATCCCTT
GAAGTTTTGCCCCAGCAGGCGAAAATCCTGTT
TTTAGACTAGAGAGTTGCAGCAAGCGGTCCAC
GGAACAACATTATTACA
AAGAAAAATCTACGTTAATAAAACTTTAGGAA
AACTGGCTCATTATACCAGTCAGGCATAACGC

220

AATCATTGTGAATTACCTTATGCGAGAGCAAC
AATTGGGCTTGAGATGGTTTAATTACGACGAT
TGCCCTGACGAGAAACACCAGAACTTGCAAAA
GTAACAAAGCTGCTCATTCAGTGAGTAAAATG
GAAAAACCGATTCATCAGTTGAGAGAACTAAC
ATTAAAGATCAACTAATGCAGATAACGTTGGG
AGTGTTGTATTACGAGGCATAGTAATTTTAAG
ATAAATCAAACCCTCGTTTACCAGTCAACTTT
TGATGGTGAAATAGCGAGAGGCTTGAGTAGTA
GCTGGTTTGCCAGAGGGGGTAATAATAAGGCT
CGTCATAAAACAGCTGATTGCCCTTCACCGCC
GCTTTAAAGGGTGGTTTTTCTTTTCACCAGTG
TAAATCAAGCGGGGAGAGGCGGTTTGCGTATT
TATAGTCACGTGCCAGCTGCATTAATGAATCG
ACAAGAACCGGATATTCATTACCCTGCGGAAT
AGGCTGGCTGACCTTCATCAAGAGCCTCAAAT
GGACAGATGAACGGTGTACAGACCAATGACCA
ATAAGGGAACCGAACTGACCAACTCTGACTAT
TGGCCCTGGGATAGCGTCCAATACAAATCAAC
AGACGGGCATATTCATTGAATCCCTAATCTTG
GGGCGCCACAGTTCAGAAAACGAGAGGCGCAT
GCCAACGCAAATCAGGTCTTTACCTTGAAAGA
AAACCTGTGAAGCAAAGCGGATTGGGTCAATC
221

TCGCGTTTGCCGGAGAGGGTAGCTATTTTTGA
GACCGGAATGATATTCAACCGTTCTAGCTGAT
GAGAGTACAAAGGCCGGAGACAGTCAAATCAC
GGTCATTTGTAATGTGTAGGTAAAGATTCAAA
GCTGAATAGAACCCTCATATATTTTAAATGCA
ACTTAGCCGGAACGAGGCGCAGACCATCAAAA
ATTGTGTCGAAATCCGCGACCTGCTTCAAATA
GTACAACGGAGATTTGTATCATCGGCGAACCA
ACCCCCAGCGATTATACCAAGCGCCAGGATTA
GGCAAAAGAATACACTAAAACACTTGATAAGA
AAATTAATTAATTCGAGCTTCAAACCTGATAA
CATCAATAGCAAACTCCAACAGGTGAAACAAA
AGGGTGAGCTTTAATTGCTCCTTTCATCTTTG
ATGCCTGATTGCGGATGGCTTAGAACGAAAGA
AGATTAAGAGGAAGCCCGAAAGACTCCATGTT
GCATCAATTCTACTAATA
AAATATGCCCTTTATTTCAACGCAAGGATAAA
TTCATTCCATTATGACCCTGTAATACTTTTGC
GCGAACGAGAGCATAAAGCTAAATCGGTTGTA
ACATTTCGAAGAATTAGCAAAATTAAGCAATA
TATATTTTATTAACATCCAATAAATCATACAG
CCACTACGAAGGCACCAACCTAAAGCTTAATT
AAGTTTCCATTAAACGGGTAAAATCATGTTTT
222

AGGCTTTGAGGACTAAAGACTTTTCTGGAAGT
CAGCATCGGAACGAGGGTAGCAACCCAATTCT
TTTGCGGGATCGTCACCCTCAGCACATTAGAT
TCGCTGAGGCTTGCAGGGAGTTAATGTTTAGC
CATAACCGATTGAAAAGGTG
AATTTTTATAATGCTGTAGCTCAAACGTAATG
GGGAGAAGAACTAAAGTACGGTGTTCATGAGG
CCAAAAACATATAACAGTTGATTCGGCTACAG
AAGCCTCAGTAGATTTAGTTTGACGCGAAAGA
GCAAGGCACAAATGGTCAATAACCAGGCCGCT
GTAGTAGCCATTTGGGGCGCGAGCATATTCGG
AGATCGCACCAGTCGGG
TTCTGGTGACATTAATTGCGTTGCGCTCACTG
CGCCATTCAAGCCTGGGGTGCCTAATGAGTGA
CGATCGGTACACAACATACGAGCCGGAAGCAT
GCTGGCGACCTGTGTGAAATTGTTATCCGCTC
TAAGTTGGGCTCGAATTCGTAATCATGGTCAT
CGACGTTGCAGGTCGACTCTAGAGGATCCCCG
GAGATCTAGCCTCAGGA
AGAGTCTGTCTGCCAGTTTGAGGGGGCACCGC
GGTAATCGGTTGGTGTAGATGGGCGCGCCATT
TACCCCGGAACGGCGGATTGACCGGGGAAGGG
ACAGGAAGAGTAACAACCCGTCGGTTACGCCA
223

GTAAACGTTAGCCAGCTTTCATCAAAGGCGAT
AAATTTTTCCATCAAAAATAATTCCCCAGTCA
CCAAGCTTGCATGCCTGTAAAACGACGGCCAGTG
CCCGCTTTCTCCAGCCAGCTTTCCGACGACGA
GCTAACTCCCGGAAACCAGGCAAAGCATCGTA
AAAGTGTAAGGCTGCGCAACTGTTTAATGGGA
ACAATTCCGCGGGCCTCTTCGCTAATTCTCCG
AGCTGTTTAAGGGGGATGTGCTGCACATTAAA
GGTACCGAGTAACGCCAGGGTTTTGCGTCTGG
TTTAACCAATAGGAACGGTTAAATCAGCTCATTT
CAGTATCGCAAAGGCTATCAGGTCATTGCCTG
ACCGTGCAGAGCAAACAAGAGAATCGATGAAC
TAGGTCACTAAAACTAGCATGTCAATCATATG
TGGGAACATTGATAATCAGAAAAGCCCCAAAA
TGTGAGCGATTGTATAAGCAAATATTTAAATT
CCTTCCTGTAATATTTTGTTAAAATTCGCATT
Logic Gate Prototype Structure for Nanoparticle Attachment
(Modified Circular Circuit Structure)
Scaffold: M13mp18
Regular staple strands: (used in the original design)
ATTTTGCCAACAGTGCCACGCTAAAACAG
TTATTAATTGAAAAATCTAAAGCATAAAAATA
AACACCGCCTGGGAACAAAGAA
224

GCAGCAAATTTAAAAGTTTGAGTAACATTATC
GCTGAACCGTATTAAATCCTTTGCCCGAACG
AGGTGAGGAGAACAATATTACCGCCAGCCATT
GGTAATATCCCGGTCAGTATT
GCAACAGGACCACCAGCAGAAGATGAGAGCCA
ATGTTACTTAGCCGGAACGAGGCGCGGGATCG
GGAGTTAAAGGCCGCTTTTGCAGACGGTCAATCATAAGGG
TCACCCTCCGCATAACCGATATATCATAGTT
ATCGCCCAAGCAGCGAAAGACAGCTGCTCC
TAGCATTCCACAGACAGCCCTTCGGTCGCTGAGGCTTGCAG
AGCGTAACGATCTAAAGTTTTGTCCAACAACC
CAATCGTTCTGACCTAAATTTAACCGGA
ATCATAATTAAAGCCAACGC
GTAAAACGACGCGAGCTCGAA
TCAACAGTAGGGCATTTTCGAG
CCAGCTGGCGAGTCACGACGTT
CCAGTAATAATAAACAACATG
TAAATTGTAAATCGCTATTACG
TTCAGCTAATGCCAAATAAGAA
CCTCAGAGCATAAGCAAATATT
ACGATTTTTTGTTCATATGGT
ACTAATAGTAGAGCAATAAAG
TTACCAGCGCCGGAAATTATT
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TTTCGCAAATGGCATCAATTCT
CATTAAAGGTGCCAGTAGCACC
CATAACGCCAAAAGGAGTCAGGAC
TTAGGAATACCACATATAAAACG
GGTTTTGCTCGAAAGATTCATCAGTTGAGAT
AGACTGGAAAGAGCAACACTATCAATGCGATT
AGGAGTGTACTAGACTCCTCAAGAGAAAGGGTTG
GTGCCTTGTATTCTGAAACATGAAGTATCACCGTA
CGTAACAAAGCTGCTCGAACAACATTATTAC
TTAAGAATGGTTTAATTTCAACTTTAATCATTG
GTTGGGAAACACCAGAACGAGTAGCAGGCGCA
CTACGTTATCAACTAATGCAGATA
AACTAACGATTCAGTGAATAAGGCAGTAATCT
AGGTAAGTACCAGGCGAGAGCCACCACTCAA
CCGTCGAGGGATTAGGATTAGCGG
ATATAAGTCAGAACCGCCACCCTCATAGGAACCCA
AACCGAACTGACTGACCTTCA
TGTACCGTAACACTGAGTTTCGTCACGGGATAGC
GGTGTACAGACTAAATTGGGCTTGAGACTGGCTCA
TAGGCTGGCCAACTTTGAAAGAGGACAGATGAAC
TCAAGTTGCCCTGACGAGAAGAAAAAT
TGACAAGAACCGGATATTCATTACCCAAACCT
CATTTTCACAGTACAAACTACAACGCCTG
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AAGCCCAAGAACCGCCACCCTCGATAAGTG
TGATTAGTGCCGATTAAAGGGATTGCGCTTA
GTTGTAGCAATCGGCCTTGCT
ACGCAAATACGCCAGAATCCTGAGCGGTCACG
ATTAGGCCACCGAGTAAAAGAGTCTGTCCATC
ATCCTGAATCATCATATTCCTGATTATCAGATG
ATGGCAATTCAAACCTACCATATCAAACGTCAGAT
TTGCCTGAGTAGAAGAACTCAAACTATACTTCTT
ACCACCAGAAGGAGCGGAATTTTGTTTGG
CGCGTACTGGGAGCTAAACAGGAGAATAACATCAC
ATGCGCCGAGAGCTTGACGGGGAA
CACCCGCCTTAGACAGGAACGGTTAACC
CTGCGCGTGAGAAAGGAAGGGAA
CGCTGGCAAGTGTAGAAGTGTTTTTATAATC
GTACCTTTTAATGGAAGGGTTAGTCAATATA
AGGTTTAAATTATTTGCACGTAAAACAGAAATAA
AGTGATACTTCTGAATACATCGGGAGTAGGG
GTTTGGAACAAGGGAGCCCCCGATTTCTACAGGG
ATTACCTTCAAAATCGCGCAGAGAGATTTTC
AAAATTAAAATTACCTGAGCAAAAGAAGATGATG
AGCCGGCGAACGTGGCAACCACCA
GAAAGCGAAAGGAGCGGGCGCAAACAATAACG
GATTCGCCTGATTGCCAGTAACA
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Regular staple strands: (ordered for this modified design)
TTGGGCGCACTCACATTAATTGCTAAAGT
GTTATATAAGACCGTGTGAT
GTAAAGCCTGGGGTGCCTAA
GGAAGTTTCCATTAGATACA
TTAGCGTCAGACTGTAGCGC
CAGGTCAGTGGCTTAGAGCTTAATGTGTCT
CAAAGCGAGTAGCTCAAC
GAACCGCCCATTTTCGGTCATAGTTGCCT
TGCCCCCTGCCTATTTCGGA
GTTTTGCCGACGACGATAAAAACCAAAATAGCGA
CACCCTATAGCCCGGAATAGGTAGTATTA
CTCAGGAGGTTTAGTACCGC
TGAATTACCTTTAACCCTCG
AGAAATTGCGTGCGAATTAT
CGTGCTTTCCTCGTTAGAA
TCAGAGCATGGTTGCTTTGACGAAATCGGA
ACTCCAACGTGCCGTAAAGCACTAGCACGTATAA
ACCCAAATCAAGTTTTTTGG
Extended staple strands (contain an extra ten adenines on the 3’ end for Au NP attachment):
GCCAGTTAGTCCTGAACAAGAAAAATAATATAAAAAAAAAA
CGCTAACGAATTTACGAGCATGTAGAAACCAAAAAAAAAAAA
CCAGCTACTCGGCTGTCTTTCCTTATCATTCCAAAAAAAAAA
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CCTTAAAGTATTAAACCAAGTACCGCACTCAAAAAAAAAA
GCGAACCTCAAGCAAGCCGTTTTTATTTTCATAAAAAAAAAA
ATCCGGTAATCATTACCGCGCCCAATAGCAAGCAAAAAAAAAAA
AATCAGATATACGAAGCCCTTTAAAAAAAAAA
CCCATCCTAGCGTCTTTCCAGAGAAAAACAGAAAAAAAAAA
TCAATAAAATTTTATCCTGAATTAACTGAAAAAAAAAAAA
AAGAACGGTCAAGATTAGTTGCTAAATTGAGCAAAAAAAAAA
ATCGAGAACCCGACTTGCGGGAGGCAAGAATTAAAAAAAAAA
CGTAGGATTCTAAGAACGCGAGAGAAACAAAAAAAAAAAA
CACCACGGACAGAGAGAATAACATCCTAATTTAAAAAAAAAA
AAGGTGGCCATTAGACGGGAGAATCTTACCAAAAAAAAAAAA
TATGTTAGACAAAGTCAGAGGGTTTTTGCACAAAAAAAAAA
ACTGGCATCAGAGAGATAACCCATTTTGAAGAAAAAAAAAA
GGAAACGCCCCAATAATAAGAGCAGCGTTTTAAAAAAAAAAA
GCCGAAGCAATAGCTATCTTACGAAGGCTTAAAAAAAAAA
TTAAGAAAAGTAAGCAGATAAAAAAAAAAA
GGAAGCGAACATATAAAAGAAACGCAAAGAAAAAAAAAAA
CACCCTGACAAACGTAGAAAATACATACATAAAAAAAAAAA
GCTAATATGATTAAGACTCCTTATTACGCAGAAAAAAAAAA
GAGTTAAGAATAATAACGGAATACCCAAAAGAAAAAAAAAAA
TGAAATACAAAGTTACCAGAAGGAAACCGAAAAAAAAAAA
GCGTCTGGTCCGGCACCGCTTCTGGTGCCGGAAAAAAAAAA
TAACCAATCAAAGCGCCATTCGCCATTCAGGAAAAAAAAAA

229

GATTCTCCATCTGCCAGTTTGAGGGGACGACAAAAAAAAAA
ACATTAAACGGCCTCAGGAAGATCGCACTCCAAAAAAAAAAA
GCCAGCTTCCTTCCTGTAGCCAGCAGTCTGGAAAAAAAAAA
GTCACGTTGGTGTAGATGGGCGCATCGTAAAAAAAAAAAA
AAACCAGGAGGAACGCCATCAAAAGTAATCGTAAAAAAAAAA
CTGCGCAATTTTGTTAAATCAGCTACCCCGGAAAAAAAAAA
CCGTGCGTGGGAACAAACGGCTTAATGCCAAAAAAAAAA
GACAGTATTGTGAGCGAGTAACAGATCTACAAAAAAAAAAA
TTTAGAACAGAGAATCGATGAACGATAATTCAAAAAAAAAA
AAGCCTTTGCATGTCAATCATATGTCATTTTTAAAAAAAAAA
GTGAGAATAGCTATTTTTGAGAACCCGTCGAAAAAAAAAA
CCTGAGTACAGGTCATTGCCTGAGTTTCATCAAAAAAAAAAA
AGCAAACACCTCATATATTTTAAATGCAATGAAAAAAAAAA
CAACCGTTCTAGCTGATAAAGGATTGACCGTAATGGGATAGAAAAAAAAAA
AAAACTAATTTCAACGCAAGGATAAAAATTAAAAAAAAAA
TTGATAATGACCCTGTAATACTTTTGCGGGAGAAAAAAAAAA
GGAGAGGGAGGCCGGAGACAGTCAAATCACCATCAATATGATATTAAAAAAAAAA
AAGGCTATATGTGTAGGTAAAGATTCAAAAGGAAAAAAAAAA
GACAACTCTCAAATATCAAACCCTGCGCGAACAAAAAAAAAA
ATTTAGAACAGTTGGCAAATCAACCAATATTTAAAAAAAAAA
TAGAGCGGAAGGTTATCTAAAGACCTGAAAAAAAAAAA
AGCACTAACAACTAATAGATAAAAAAAAAA
ATCTGGTGTATTAGACTTTACAAACAATTCAAAAAAAAAA
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GGAATTGACGTCAATAGATAATACATTTGAGGAAAAAAAAAA
CCGAACGAAAAAACGCTCATGGAAATACCTAAAAAAAAAAA
TGATAGCCCGCTCAATCGTCTGAAATGGATTAAAAAAAAAA
TTGAATGTGGCAGATTCACCAGTCACACGACAAAAAAAAAA
AAGCGTAAAAAAGGGACATTCTGGCCAACAGAGATAAAAAAAAAA
AGAACCCTTCTATATCTTTAGGAAAAAAAAAA
CATTTTGACTAAAACATCGCCATTCACCTTAAAAAAAAAA
ATTTACATGCTATTAGTCTTTAATCAATCAATAAAAAAAAAA
CAGTAATGAATACGTGGCACAGAAGTTGAAAAAAAAAAAAA
TCCGCGACCATCGGAACGAGGGTAGTTGCGCCAAAAAAAAAA
TTGTATCCTTTGAGGACTAAAGGGTGAATTAAAAAAAAAA
ATACCAAGGTTTCCATTAAACGGGTAATTGTAAAAAAAAAAA
AAAACACACTACGAAGGCACCATCTCCAAAAAAAAAAAA
AAGAGGCAAAAGAATACACTAAAAAAAAAA
TACAGAGGATCGCCTGATAAATTGTGTCGAAAAAAAAAAAAA
ATGAGGAACGCGAAACAAAGTACAACGGAGATAAAAAAAAAA
CGTAATGCCTCATCTTTGACCCCCAGCGATTAAAAAAAAAA
GACAATGAGTCTTTCCAGACGTTAGTAAATGAAAAAAAAAA
TCTTAAACGTATGGGATTTTGCTAAACAACTAAAAAAAAAA
TCGGTTTTTTCAGCGGAGTGAGAATAGAAAGAAAAAAAAAA
AAAAAAGGTAAAGGAATTGCGAATAATAATTTTTTAAAAAAAAAA
CACGTTGAAAAACCTAAAACGAAAAAAAAAAA
AATTTTCTAGCTTGATACCGATAGCAACGGCAAAAAAAAAA
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TTCAACAGATCAGCTTGCTTTCGAACTTTTTCAAAAAAAAAA
GAACAACCTCCAAAAGGAGCCTTTAAAATAAAAAAAAAAA
AGCAAGCGAAATCAAAAGAATAGCGAACGTGGAAAAAAAAAA
TCCCTTATGTCCACGCTGGTTTGTTTGCGTAAAAAAAAAAA
GGGTTGACCGCCTGGCCCTGAGTTTCACCAAAAAAAAAA
CTTGCTTCTGAGAAGAGTCAATAGAGGTTGGAAAAAAAAAA
TGAGTGAGCTACAGGGTGGTTTTTCTAGAGTTGCAAAAAAAAAA
ATTTCATCCAAGACAAAGAACGCGAGAAAACTTTTAAAAAAAAAA
AGTGAGACGGGCAACAGCTGAAAAAAAAAA
CCAGTATACTAGAAAAAGCCTGTTTTTAGTTAAAAAAAAAAA
AGGCAGAGGCTTAATTGAGAATCGAATTCTTAAAAAAAAAAA
GACGACAAGAGAATATAAAGTACCTGTAATTTAAAAAAAAAA
AAGTAATTCTGTATCAACAAAAAAAAAAAA
TCCCAATCAGAACGCGCCTGTTTCCAGACAAAAAAAAAA
TAGATAACAAAATAAACAGCCATGAAAATAGAAAAAAAAAA
ATAGAAAATTTAACGTCAAAAATATTATTTAAAAAAAAAAA
CAGCCTTTAATAAGTTTATTTTGTCATTCAACCGAAAAAAAAAA
ATATTGACAAAGACAAAAGGGCGACACAATCAAAAAAAAAAA
CAAAATCAAATTATCACCGTCACCGAAGGTAAAAAAAAAAAA
ATGTTTTAAATATGCAACTAAAGTACGTGCTGAATAAAAAAAAAA
TAATCAGTGCAAGGCCGGAAACGTAGAGCCAGAAAAAAAAAA
ATTACCATTAAGCGACAGAATCAAGTCCCCCTTAAAAAAAAAAA
GAGCCGCCACCAGAACCACCAAAAAAAAAA
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GGAACCGCTGCCATCTTTTCATAAAGCACCGAAAAAAAAAA
CGGAACCAGAGCCACCACCAAAAAAAAAA
ATAATGCTACCAGACCGGAAGCACTGACTATAAAAAAAAAA
TTAGCGTTCTCCCTCAGAGCCGCTATTCACAAACAAATAAATCAAAAAAAAAA
CCCTCAAAGAAGCAAAGCGGATTTCGAGCTTAAAAAAAAAA
CATGGCTTCGCCAGCATTGACAGCCCTCAAAAAAAAAAA
CTCTGAAAGACGATTGGCCTTGACACCCTCAAAAAAAAAAA
ATCAAAAATCAGGTCTTTACCAACTCCAAAAAAAAAAAA
TATAGTCATGCTTTAAACAGTTCAAAAAGAAAAAAAAAAAA
TTTACCAAGAGGGGGTAATAGTATGAATCCAAAAAAAAAA
AGAGGCTGGGTAATAAGTTTTAACGCGTCATAAAAAAAAAAA
ACCTATAGTAACAGTGCCCGTAAGCGCAGTAAAAAAAAAA
GGTCGAGGTCAAAGGGCGAAAAACGGCAAAAAAAAAAAAAA
ACCCTAAAGAGTCCACTATTAAACCGAGATAAAAAAAAAAA
TCATTTCTTACATTTAACAATTTGAATAACAAAAAAAAAA
ATTGCCCTTCAGTGTTGTTCCAAAAAAAAAAA
ATCAAAATAATCAATATATGTGAGTCATTTGAAAAAAAAAAA
TAAGACGCTGTAAATCGTCGCTAAAGAAAACAAAAAAAAAA
TCCTTGAAAACATAGCGATAATGCAAATCAAAAAAAAAA
TTTGATGGTGGTTCCGAAATCCGTCTATCAAAAAAAAAAA
ACAGTACATACATAGGTCTGAAAAAAAAAAA
CACTGCCCCGCGGGGAGAGGCGGCCCCAGCAGGCGAAAATCCTGAAAAAAAAAA
GAAATACCCTATATGTAAATGCTGGCTTAGATAAAAAAAAAA

233

TCAAATATATTAGTATCATAAAAAAAAAAA
CCAGCTGCATTAATGAATCGGCAAAAAAAAAA
CAACGGCTTTCCAGTCGGGAACACAATTCCAAAAAAAAAA
GAGACTACCTTTTTAACCTCCGGCTTTGAATTTAAAAAAAAAA
TTCGTAATCATATACGAGCCGGAAGCAGTTGCGCTAAAAAAAAAA
TGCGTTATACACCATATTTAACAAAAAAAAAA
GTTATCCGCTACCTGTCGTGAAAAAAAAAA
ACACAACGGTCATAGCTGTTTCCGAGGATCCCAAAAAAAAAA
AAATAAGGCGTTAAATAAGAATAAACATGGTTTAAAAAAAAAA
AACGCCAACAGACAAAAGGTAAAAAAAAAAA
GGTCGACTCTATGTGTGAAATTAAAAAAAAAA
CGGGTACGCCAGTGCCAAGCTTGGCCAGGGTAAAAAAAAAA
AGTTGGGTAACCATGCCTGCAAAAAAAAAAA
TTTCCCAAAGGGGGATGTGCTGTCGGTGCAAAAAAAAAA
CATTAAATCTGTTGGGAAGGGCGACAAGGCGATTAAAAAAAAAAA
GGGCCTCTCGTTAATATTTTGTTAACAGGAAAAAAAAAAAA
CATTATCAGAAAAGCCCCAAAAAAATTCGAAAAAAAAAA
GATTGTATAAAGCTAAATCGGTTGAGAATTAGAAAAAAAAAA
ATTGAGGGAGGGACTTGAGCCAAAAAAAAAAA
AGGCAAGGCAATACCAAAAAAAAAAAAAAA
CAAAATTATAGCATTAACATCCAACGAGCTGAAAAAAAAAAA
TTTGGGAATTCACCAATGAAAAAAAAAAAAA
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CATTTGGGGCGTAAATCATACAAAAAAAAAA
AAAGGTGGTCAATAACCTGTTTTAGATTTAAAAAAAAAA
CCATCGATAGCTCAAAATCACAAAAAAAAAA
CTGCGAACGAGAGCTATATTTTAAAAAAAAAA
AGTTTGACATTCCATATAACAGTTGGTCATTTAAAAAAAAAA
AAAGACTTCAAATATCGCGTTTTAATGCATCAAAAAAAAAAAAA
TTTTGATAAGAGATTCCCAATTAAAAAAAAAA
TTGCGGAGATTAGAGAGTACCTTTAATTGCTCCAAAAAAAAAA
GTTTTCATCGGACCCTCAGAGCCACCAGAGGTTGAAAAAAAAAAA
TACTGCGGAATGAGGAAGCCCGAAAAAAAAAA
CTCATTAAAGCCAGAATGGAATAAACAGTTAAAAAAAAAAAA
AAGATTAACGTCATAAATATTCATAAATGTTTAAAAAAAAAA
ACCAGAGCCGCTTGATGATACAAAAAAAAAA
GGCAGGTCTTTACCGTTCCAGTAAGGGGTCAAAAAAAAAAA
GAGGCTTTTGCGAAAACGAGAATGACCATAAAAAAAAAAAA
TTATACCAATTACGAGGCATAGTTAGCGTCCAAAAAAAAAAAA
Modified “T” Shape for Carbon Nanotube Attachment
Modified sequences contain an additional sequence on the 3’ end of the strand for either
Au NP attachment (A10) or CNT attachment (ACGAAGTTGTTGTTG). The sequences are the
same as the modified “T” with nanoparticle attachment sites along the top section with a ~100
nm gap, except with the sequences within the gap region modified for CNT attachment.
Modified staple strands: (for CNT attachment)
TGGCCCTGGGATAGCGTCCAATACAAATCAACACGAAGTTGTTGTTG
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CGTCATAAAACAGCTGATTGCCCTTCACCGCCACGAAGTTGTTGTTG
ACAAGAACCGGATATTCATTACCCTGCGGAATACGAAGTTGTTGTTG
AGACGGGCATATTCATTGAATCCCTAATCTTGACGAAGTTGTTGTTG
GCTTTAAAGGGTGGTTTTTCTTTTCACCAGTGACGAAGTTGTTGTTG
AGGCTGGCTGACCTTCATCAAGAGCCTCAAATACGAAGTTGTTGTTG
GGGCGCCACAGTTCAGAAAACGAGAGGCGCATACGAAGTTGTTGTTG
TAAATCAAGCGGGGAGAGGCGGTTTGCGTATTACGAAGTTGTTGTTG
GGACAGATGAACGGTGTACAGACCAATGACCAACGAAGTTGTTGTTG
GCCAACGCAAATCAGGTCTTTACCTTGAAAGAACGAAGTTGTTGTTG
TATAGTCACGTGCCAGCTGCATTAATGAATCGACGAAGTTGTTGTTG
ATAAGGGAACCGAACTGACCAACTCTGACTATACGAAGTTGTTGTTG
AAACCTGTGAAGCAAAGCGGATTGGGTCAATCACGAAGTTGTTGTTG
ACTTAGCCGGAACGAGGCGCAGACCATCAAAAACGAAGTTGTTGTTG
AGATTAAGAGGAAGCCCGAAAGACTCCATGTTACGAAGTTGTTGTTG
TCGCGTTTGCCGGAGAGGGTAGCTATTTTTGAACGAAGTTGTTGTTG
ATTGTGTCGAAATCCGCGACCTGCTTCAAATAACGAAGTTGTTGTTG
AAATTAATTAATTCGAGCTTCAAACCTGATAAACGAAGTTGTTGTTG
GACCGGAATGATATTCAACCGTTCTAGCTGATACGAAGTTGTTGTTG
GTACAACGGAGATTTGTATCATCGGCGAACCAACGAAGTTGTTGTTG
CATCAATAGCAAACTCCAACAGGTGAAACAAAACGAAGTTGTTGTTG
GAGAGTACAAAGGCCGGAGACAGTCAAATCACACGAAGTTGTTGTTG
ACCCCCAGCGATTATACCAAGCGCCAGGATTAACGAAGTTGTTGTTG
AGGGTGAGCTTTAATTGCTCCTTTCATCTTTGACGAAGTTGTTGTTG
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GGTCATTTGTAATGTGTAGGTAAAGATTCAAAACGAAGTTGTTGTTG
GGCAAAAGAATACACTAAAACACTTGATAAGAACGAAGTTGTTGTTG
ATGCCTGATTGCGGATGGCTTAGAACGAAAGAACGAAGTTGTTGTTG
GCTGAATAGAACCCTCATATATTTTAAATGCAACGAAGTTGTTGTTG
Modified staple strands: (for Au NP attachment)
GGTAGAAAGTCTATCAGAAAAAAAAAA
TACCACATACGTGGACTCCAACGTCAAAGGGCAAAAAAAAAA
CAAAAGGATCCAGTTTGGAACAAGAGTCCACTAAAAAAAAAA
ACTATCATAAAGAATAGCCCGAGATAGGGTTGAAAAAAAAAA
AAAAACCAGTTCCGAAATCGGCAAAATCCCTTAAAAAAAAAA
GAAGTTTTGCCCCAGCAGGCGAAAATCCTGTTAAAAAAAAAA
TTTAGACTAGAGAGTTGCAGCAAGCGGTCCACAAAAAAAAAA
GGAACAACATTATTACAAAAAAAAAAA
AAGAAAAATCTACGTTAATAAAACTTTAGGAAAAAAAAAAAA
AACTGGCTCATTATACCAGTCAGGCATAACGCAAAAAAAAAA
AATCATTGTGAATTACCTTATGCGAGAGCAACAAAAAAAAAA
AATTGGGCTTGAGATGGTTTAATTACGACGATAAAAAAAAAA
TGCCCTGACGAGAAACACCAGAACTTGCAAAAAAAAAAAAAA
GTAACAAAGCTGCTCATTCAGTGAGTAAAATGAAAAAAAAAA
GAAAAACCGATTCATCAGTTGAGAGAACTAACAAAAAAAAAA
ATTAAAGATCAACTAATGCAGATAACGTTGGGAAAAAAAAAA
AGTGTTGTATTACGAGGCATAGTAATTTTAAGAAAAAAAAAA
ATAAATCAAACCCTCGTTTACCAGTCAACTTTAAAAAAAAAA
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TGATGGTGAAATAGCGAGAGGCTTGAGTAGTAAAAAAAAAAA
GCTGGTTTGCCAGAGGGGGTAATAATAAGGCTAAAAAAAAAA
GCATCAATTCTACTAATAAAAAAAAAAA
AAATATGCCCTTTATTTCAACGCAAGGATAAAAAAAAAAAAA
TTCATTCCATTATGACCCTGTAATACTTTTGCAAAAAAAAAA
GCGAACGAGAGCATAAAGCTAAATCGGTTGTAAAAAAAAAAA
ACATTTCGAAGAATTAGCAAAATTAAGCAATAAAAAAAAAAA
TATATTTTATTAACATCCAATAAATCATACAGAAAAAAAAAA
CCACTACGAAGGCACCAACCTAAAGCTTAATTAAAAAAAAAA
AAGTTTCCATTAAACGGGTAAAATCATGTTTTAAAAAAAAAA
AGGCTTTGAGGACTAAAGACTTTTCTGGAAGTAAAAAAAAAA
CAGCATCGGAACGAGGGTAGCAACCCAATTCTAAAAAAAAAA
TTTGCGGGATCGTCACCCTCAGCACATTAGATAAAAAAAAAA
TCGCTGAGGCTTGCAGGGAGTTAATGTTTAGCAAAAAAAAAA
CATAACCGATTGAAAAGGTGAAAAAAAAAA
AATTTTTATAATGCTGTAGCTCAAACGTAATGAAAAAAAAAA
GGGAGAAGAACTAAAGTACGGTGTTCATGAGGAAAAAAAAAA
CCAAAAACATATAACAGTTGATTCGGCTACAGAAAAAAAAAA
AAGCCTCAGTAGATTTAGTTTGACGCGAAAGAAAAAAAAAAA
GCAAGGCACAAATGGTCAATAACCAGGCCGCTAAAAAAAAAA
GTAGTAGCCATTTGGGGCGCGAGCATATTCGGAAAAAAAAAA
Unmodified staple strands:
AGATCGCACCAGTCGGG
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TTCTGGTGACATTAATTGCGTTGCGCTCACTG
CGCCATTCAAGCCTGGGGTGCCTAATGAGTGA
CGATCGGTACACAACATACGAGCCGGAAGCAT
GCTGGCGACCTGTGTGAAATTGTTATCCGCTC
TAAGTTGGGCTCGAATTCGTAATCATGGTCAT
CGACGTTGCAGGTCGACTCTAGAGGATCCCCG
GAGATCTAGCCTCAGGA
AGAGTCTGTCTGCCAGTTTGAGGGGGCACCGC
GGTAATCGGTTGGTGTAGATGGGCGCGCCATT
TACCCCGGAACGGCGGATTGACCGGGGAAGGG
ACAGGAAGAGTAACAACCCGTCGGTTACGCCA
GTAAACGTTAGCCAGCTTTCATCAAAGGCGAT
AAATTTTTCCATCAAAAATAATTCCCCAGTCA
CCAAGCTTGCATGCCTGTAAAACGACGGCCAGTG
CCCGCTTTCTCCAGCCAGCTTTCCGACGACGA
GCTAACTCCCGGAAACCAGGCAAAGCATCGTA
AAAGTGTAAGGCTGCGCAACTGTTTAATGGGA
ACAATTCCGCGGGCCTCTTCGCTAATTCTCCG
AGCTGTTTAAGGGGGATGTGCTGCACATTAAA
GGTACCGAGTAACGCCAGGGTTTTGCGTCTGG
TTTAACCAATAGGAACGGTTAAATCAGCTCATTT
CAGTATCGCAAAGGCTATCAGGTCATTGCCTG
ACCGTGCAGAGCAAACAAGAGAATCGATGAAC
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TAGGTCACTAAAACTAGCATGTCAATCATATG
TGGGAACATTGATAATCAGAAAAGCCCCAAAA
TGTGAGCGATTGTATAAGCAAATATTTAAATT
CCTTCCTGTAATATTTTGTTAAAATTCGCATT
Modified Circular Circuit Structure for Carbon Nanotube Attachment
Modified sequences contain an additional sequence on the 3’ end of the strand
(ACGAAGTTGTTGTTG). Modified sequences are listed below along with sequences they are
replaced with when folding the DNA origami structure. The rest of the sequences are the same as
for the modified circular circuit structure (logic gate prototype structure for nanoparticle
attachment). The sequences modified for carbon nanotube attachment are located in the two gap
regions.
Staple strands replaced by the modified staple strands: (from logic gate prototype structure)
ACCCAAATCAAGTTTTTTGG
TTAAGAATGGTTTAATTTCAACTTTAATCATTG
ATGCGCCGAGAGCTTGACGGGGAA
CTGCGCGTGAGAAAGGAAGGGAA
GAAAGCGAAAGGAGCGGGCGCAAACAATAACG
AGAAATTGCGTGCGAATTAT
AAAATTAAAATTACCTGAGCAAAAGAAGATGATG
AGCCGGCGAACGTGGCAACCACCA
AGTGATACTTCTGAATACATCGGGAGTAGGG
GATTCGCCTGATTGCCAGTAACA
ATTACCTTCAAAATCGCGCAGAGAGATTTTC
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ACTCCAACGTGCCGTAAAGCACTAGCACGTATAA
GTTTGGAACAAGGGAGCCCCCGATTTCTACAGGG
GTTTTGCCGACGACGATAAAAACCAAAATAGCGA
TGAATTACCTTTAACCCTCG
CTACGTTATCAACTAATGCAGATA
GGTTTTGCTCGAAAGATTCATCAGTTGAGAT
CCGTCGAGGGATTAGGATTAGCGG
CACCCTATAGCCCGGAATAGGTAGTATTA
TGCCCCCTGCCTATTTCGGA
AGACTGGAAAGAGCAACACTATCAATGCGATT
CATAACGCCAAAAGGAGTCAGGAC
TTAGGAATACCACATATAAAACG
CGTAACAAAGCTGCTCGAACAACATTATTAC
AGGAGTGTACTAGACTCCTCAAGAGAAAGGGTTG
GTGCCTTGTATTCTGAAACATGAAGTATCACCGTA
Modified Staple Strands:
ACCCAAATCAAGTTTTTTGGACGAAGTTGTTGTTG
TCAGAGCATGGTTGCTTTGACGAAATCGGAACGAAGTTGTTGTTG
ATGCGCCGAGAGCTTGACGGGGAAACGAAGTTGTTGTTG
CTGCGCGTGAGAAAGGAAGGGAAACGAAGTTGTTGTTG
GAAAGCGAAAGGAGCGGGCGCAAACAATAACGACGAAGTTGTTGTTG
AGAAATTGCGTGCGAATTATACGAAGTTGTTGTTG
AAAATTAAAATTACCTGAGCAAAAGAAGATGATGACGAAGTTGTTGTTG
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ACTCCAACGTGCCGTAAAGCACTAGCACGTATAAACGAAGTTGTTGTTG
GTTTGGAACAAGGGAGCCCCCGATTTCTACAGGGACGAAGTTGTTGTTG
AGCCGGCGAACGTGGCAACCACCAACGAAGTTGTTGTTG
AGTGATACTTCTGAATACATCGGGAGTAGGGACGAAGTTGTTGTTG
GATTCGCCTGATTGCCAGTAACAACGAAGTTGTTGTTG
ATTACCTTCAAAATCGCGCAGAGAGATTTTCACGAAGTTGTTGTTG
GTTTTGCCGACGACGATAAAAACCAAAATAGCGAACGAAGTTGTTGTTG
TGAATTACCTTTAACCCTCGACGAAGTTGTTGTTG
CTACGTTATCAACTAATGCAGATAACGAAGTTGTTGTTG
GGTTTTGCTCGAAAGATTCATCAGTTGAGATACGAAGTTGTTGTTG
CCGTCGAGGGATTAGGATTAGCGGACGAAGTTGTTGTTG
CACCCTATAGCCCGGAATAGGTAGTATTAACGAAGTTGTTGTTG
TGCCCCCTGCCTATTTCGGAACGAAGTTGTTGTTG
AGACTGGAAAGAGCAACACTATCAATGCGATTACGAAGTTGTTGTTG
CATAACGCCAAAAGGAGTCAGGACACGAAGTTGTTGTTG
TTAGGAATACCACATATAAAACGACGAAGTTGTTGTTG
CGTAACAAAGCTGCTCGAACAACATTATTACACGAAGTTGTTGTTG
AGGAGTGTACTAGACTCCTCAAGAGAAAGGGTTGACGAAGTTGTTGTTG
GTGCCTTGTATTCTGAAACATGAAGTATCACCGTAACGAAGTTGTTGTTG
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